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Preface 


The third edition of Antenna Theory is designed to meet the needs of electrical engi- 
neering and physics students at the senior undergraduate and beginning graduate levels, 
and those of practicing engineers. The text presumes that the students have knowledge 
of basic undergraduate electromagnetic theory, including Maxwell's equations and the 
wave equation, introductory physics, and differential and integral calculus. Mathemat- 
ical techniques required for understanding some advanced topics in the later chapters 
are incorporated in the individual chapters or are included as appendices. 

The third edition has maintained all of the attractive features of the first two edi- 
tions, including the three-dimensional graphs to display the radiation characteristics of 
antennas, especially the amplitude patterns. This feature was hailed as an innovative 
and first of its kind addition in a textbook on antennas. Additional graphs have been 
added to illustrate features of the radiation characteristics of some antennas. However, 
there have been many new features added to this edition. In particular, 


A new chapter on Smart Antennas (Chapter 16) 
A section on Fractal Antennas (Section 11.6) 


Summary tables of important equations in the respective chapters (Chapters 2, 4, 
5, 6, 12-14) 

New figures, photos, and tables 

Additional end-of-the-chapter problems 


CD with the following Multimedia Material: 
e Power Point view graphs of lecture notes for each chapter, in multicolor 


e End-of-the-chapter Interactive Questionnaires for review (40—65 for each chap- 
ter) based on Java 

e Animations based on Java 

e Applets based on Java 

« MATLAB programs translated from the FORTRAN programs of the second 
edition 

e A number of new MATLAB programs 

« FORTRAN programs from the second edition. 

The CD is attached to the book, and it will open automatically once inserted in 

the computer. It is highly recommended that the reader uses the Internet Explorer 

(IE) to open the Multimedia Material; other browsers may not perform well. For 

additional instructions on how to open and use the material in the CD, there is a 

HELP file in the CD. 


xiii 
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The book’s main objective is to introduce, in a unified manner, the fundamental princi- 
ples of antenna theory and to apply them to the analysis, design, and measurements of 
antennas. Because there are so many methods of analysis and design and a plethora of 
antenna structures, applications are made to some of the most basic and practical con- 
figurations, such as linear dipoles; loops; arrays; broadband, and frequency-independent 
antennas; aperture antennas; horn antennas; microstrip antennas; and reflector antennas. 

A tutorial chapter on Smart Antennas has been included to introduce the student in 
a technology that will advance antenna theory and design, and revolutionize wireless 
communications. It is based on antenna theory, digital signal processing, networks and 
communications. MATLAB simulation software has also been included, as well as a 
plethora of references for additional reading. 

Introductory material on analytical methods, such as the Moment Method and 
Fourier transform (spectral) technique, is also included. These techniques, together with 
the fundamental principles of antenna theory, can be used to analyze and design almost 
any antenna configuration. A chapter on antenna measurements introduces state-of-the- 
art methods used in the measurements of the most basic antenna characteristics (pattern, 
gain, directivity, radiation efficiency, impedance, current, and polarization) and updates 
progress made in antenna instrumentation, antenna range design, and scale modeling. 
Techniques and systems used in near- to far-field measurements and transformations 
are also discussed. 

A sufficient number of topics have been covered, some for the first time in an under- 
graduate text, so that the book will serve not only as a text but also as a reference for the 
practicing and design engineer and even the amateur radio buff. These include design 
procedures, and associated computer programs, for Yagi-Uda and log-periodic arrays, 
horns, and microstrip patches; synthesis techniques using the Schelkunoff, Fourier 
transform, Woodward—Lawson, Tschebyscheff, and Taylor methods; radiation charac- 
teristics of corrugated, aperture-matched, and multimode horns; analysis and design 
of rectangular and circular microstrip patches; and matching techniques such as the 
binomial, Tschebyscheff, T-, gamma, and omega matches. 

The text contains sufficient mathematical detail to enable the average undergraduate 
electrical engineering and physics students to follow, without too much difficulty, 
the flow of analysis and design. A certain amount of analytical detail, rigor, and 
thoroughness allows many of the topics to be traced to their origin. My experiences as 
a student, engineer, and teacher have shown that a text for this course must not be a 
book of unrelated formulas, and it must not resemble a “cookbook.” This book begins 
with the most elementary material, develops underlying concepts needed for sequential 
topics, and progresses to more advanced methods and system configurations. Each 
chapter is subdivided into sections or subsections whose individual headings clearly 
identify the antenna characteristic(s) discussed, examined, or illustrated. 

A distinguished feature of this book is its three-dimensional graphical illustrations 
from the first edition, which have been expanded and supplemented in the second 
and third editions. In the past, antenna texts have displayed the three-dimensional 
energy radiated by an antenna by a number of separate two-dimensional patterns. With 
the advent and revolutionary advances in digital computations and graphical displays, 
an additional dimension has been introduced for the first time in an undergraduate 
antenna text by displaying the radiated energy of a given radiator by a single three- 
dimensional graphical illustration. Such an image, formed by the graphical capabilities 
of the computer and available at most computational facilities, gives a clear view of 
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the energy radiated in all space surrounding the antenna. It is hoped that this will lead 
to a better understanding of the underlying principles of radiation and provide a clearer 
visualization of the pattern formation in all space. 

In addition, there is an abundance of general graphical illustrations, design data, 
references, and an expanded list of end-of-the chapter problems. Many of the principles 
are illustrated with examples, graphical illustrations, and physical arguments. Although 
students are often convinced that they understand the principles, difficulties arise when 
they attempt to use them. An example, especially a graphical illustration, can often 
better illuminate those principles. As they say, “a picture is worth a thousand words." 

Numerical techniques and computer solutions are illustrated and encouraged. A 
number of MATLAB computer programs are included in the CD attached to the book. 
Each program is interactive and prompts the user to enter the data in a sequential man- 
ner. Some of these programs are translations of the FORTRAN ones that were included 
in the first and second editions. However, many new ones have been developed. Every 
chapter, other than Chapters 3 and 17, have at least one MATLAB computer program; 
some have as many as four. The outputs of the MATLAB programs include graphical 
illustrations and tabulated results. For completeness, the FORTRAN computer pro- 
grams are also included, although there is not as much interest in them. The computer 
programs can be used for analysis and design. Some of them are more of the design 
type while some of the others are of the analysis type. Associated with each program 
there is a READ ME file, which summarizes the respective program. 

The purpose of the Lecture Notes is to provide the instructors a copy of the text 
figures and some of the most important equations of each chapter. They can be used by 
the instructors in their lectures but need to be supplemented with additional narratives. 
The students can use them to listen to the instructors’ lectures, without having to take 
detailed notes, but can supplement them in the margins with annotations from the 
lectures. Each instructor will use the notes in a different way. 

The Interactive Questionnaires are intended as reviews of the material in each 
chapter. The student can use them to review for tests, exams, and so on. For each ques- 
tion, there are three possible answers, but only one is correct. If the reader chooses 
one of them and it the correct answer, it will so indicate. However, if the chosen 
answer is the wrong one, the program will automatically indicate the correct answer. 
An explanation button is provided, which gives a short narrative on the correct answer 
or indicates where in the book the correct answer can be found. 

The Animations can be used to illustrate some of the radiation characteristics, such 
as amplitude patterns, of some antenna types, like line sources, dipoles, loops, arrays, 
and horns. The Applets cover more chapters and can be used to examine some of the 
radiation characteristics (such as amplitude patterns, impedance, bandwidth, etc.) of 
some of the antennas. This can be accomplished very rapidly without having to resort 
to the MATLAB programs, which are more detailed. 

For course use, the text is intended primarily for a two-semester (or two- or three- 
quarter) sequence in antenna theory. The first course should be given at the senior 
undergraduate level, and should cover most of the material in Chapters 1 through 7, 
and Chapters 16 and 17. The material in Chapters 8 through 16 should be covered in a 
beginning graduate-level course. Selected chapters and sections from the book can be 
covered in a single semester, without loss of continuity. However, it is almost essential 
that most of the material in Chapters 2 through 6 be covered in the first course and 
before proceeding to any more advanced topics. To cover all the material of the text 
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in the proposed time frame would be, in some cases, a very ambitious task. Sufficient 
topics have been included, however, to make the text complete and to give the teacher 
the flexibility to emphasize, deemphasize, or omit sections or chapters. Some of the 
chapters and sections can be omitted without loss of continuity. 

In the entire book, an e/^' time variation is assumed, and it is suppressed. The Inter- 
national System of Units, which is an expanded form of the rationalized MKS system, 
is used in the text. In some cases, the units of length are in meters (or centimeters) 
and in feet (or inches). Numbers in parentheses () refer to equations, whereas those in 
brackets [] refer to references. For emphasis, the most important equations, once they 
are derived, are boxed. In some of the basic chapters, the most important equations 
are summarized in tables. 

I would like to acknowledge the invaluable suggestions from all those that con- 
tributed to the first and second editions, too numerous to mention here. Their names 
and contributions are stated in the respective editions. It is a pleasure to acknowl- 
edge the invaluable suggestions and constructive criticisms of the reviewers of the 
third edition: Dr. Stuart A. Long of University of Houston, Dr. Christos Christodoulou 
of University of New Mexico, Dr. Leo Kempel of Michigan State, and Dr. Sergey 
N. Makarov of Worcester Polytechnic University. There have been many other con- 
tributors to this edition, and their contributions are valued and acknowledged. Many 
graduate and undergraduate students from Arizona State University who have written 
many of the MATLAB computer programs. Some of these programs were translated 
from the FORTRAN ones, which appeared in the first and second editions. How- 
ever a number of entirely new MATLAB programs have been created, which are 
included for the first time, and do not have a FORTRAN counterpart. The name(s) 
of the individual contributors to each program is included in the respective program. 
The author acknowledges Dr. Sava V. Savov of Technical University of Varna, Bul- 
garia, for the valuable discussions, contributions and figures related to the integration 
of equation (5-59) in closed form in terms of Bessel functions; Dr. Yahya Rahmat- 
Samii and Dr. John P. Gianvittorio of UCLA for the figures on Fractal antennas. I 
would like to thank Craig R. Birtcher of Arizona State University for proofreading 
part of the manuscript; Bo Yang of Arizona State University for proofreading part 
of the manuscript, revising a number of the MATLAB programs, and developing the 
flow chart for accessing the CD Multimedia material; and Razib S. Shishir of Arizona 
State University for developing all of the Java-based software, including the Interac- 
tive Questionnaires, Applets, and Animations. Special thanks to the many companies 
(Motorola, Inc., Northrop Grumman Corporation, March Microwave Systems, B.V., 
Ball Aerospace & Technologies Corporation, Samsung, Midland Radio Corporation, 
Winegard Company, Antenna Research Associates, Inc., Seavey Engineering Asso- 
ciates, Inc., and TCI, A Dielectric Company) for providing photos, illustrations, and 
copyright permissions. The author acknowledges the long-term friendship and support 
from Dennis DeCarlo, George C. Barber, Dr. Karl Moeller, Dr. Brian McCabe, Dr. W. 
Dev Palmer, Michael C. Miller, Frank A. Cansler, and the entire AHE Program mem- 
bership, too long to be included here. The friendship and collaborative arrangements 
with Prof. Thodoros D. Tsiboukis and Prof. John N. Sahalos, both from the Aristotle 
University of Thessaloniki, Greece, are recognized and appreciated. The loyalty and 
friendship of my graduate students is acknowledged and valued. To all my teachers, 
thank you. You have been my role models and inspiration. 
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I am also grateful to the staff of John Wiley & Sons, Inc., especially George Telecki, 
Associate Publisher, Wiley-Interscience, for his interest, support, cooperation, and pro- 
duction of the third edition; Danielle Lacourciere, Associate Managing Editor, for the 
production of the book; and Rachel Witmer, Editorial Assistant, for managing the 
production of the cover. Finally, I must pay tribute to my family (Helen, Renie, and 
Stephanie) for their support, patience, sacrifice, and understanding for the many hours 
of neglect during the completion of the first, second, and third editions of this book. 
It has been a pleasant but daunting task. 


Constantine A. Balanis 
Arizona State University 
Tempe, AZ 
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Antennas 


1.4 INTRODUCTION 


An antenna is defined by Webster’s Dictionary as “a usually metallic device (as a rod 
or wire) for radiating or receiving radio waves." The JEEE Standard Definitions of 
Terms for Antennas (IEEE Std 145—1983)* defines the antenna or aerial as *a means 
for radiating or receiving radio waves." In other words the antenna is the transitional 
structure between free-space and a guiding device, as shown in Figure 1.1. The guiding 
device or transmission line may take the form of a coaxial line or a hollow pipe 
(waveguide), and it is used to transport electromagnetic energy from the transmitting 
source to the antenna, or from the antenna to the receiver. In the former case, we have 
a transmitting antenna and in the latter a receiving antenna. 

A transmission-line Thevenin equivalent of the antenna system of Figure 1.1 in the 
transmitting mode is shown in Figure 1.2 where the source is represented by an ideal 
generator, the transmission line is represented by a line with characteristic impedance 
Ze, and the antenna is represented by a load Z4 [Z4 = (Ry + R,) + j X4] connected 
to the transmission line. The Thevenin and Norton circuit equivalents of the antenna are 
also shown in Figure 2.27. The load resistance Rz is used to represent the conduction 
and dielectric losses associated with the antenna structure while R,, referred to as the 
radiation resistance, is used to represent radiation by the antenna. The reactance X 4 
is used to represent the imaginary part of the impedance associated with radiation 
by the antenna. This is discussed more in detail in Sections 2.13 and 2.14. Under 
ideal conditions, energy generated by the source should be totally transferred to the 
radiation resistance R,, which is used to represent radiation by the antenna. However, 
in a practical system there are conduction-dielectric losses due to the lossy nature of 
the transmission line and the antenna, as well as those due to reflections (mismatch) 
losses at the interface between the line and the antenna. Taking into account the internal 
impedance of the source and neglecting line and reflection (mismatch) losses, maximum 


*IEEE Transactions on Antennas and Propagation, vols. AP-17, No. 3, May 1969; AP-22, No. 1, January 
1974; and AP-31, No. 6, Part II, November 1983. 
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2 ANTENNAS 


E-field 


Source Transmission line Antenna Radiated free-space wave 


Figure 1.1 Antenna as a transition device. 


power is delivered to the antenna under conjugate matching. This is discussed in 
Section 2.13. 

The reflected waves from the interface create, along with the traveling waves 
from the source toward the antenna, constructive and destructive interference patterns, 
referred to as standing waves, inside the transmission line which represent pockets of 
energy concentrations and storage, typical of resonant devices. A typical standing wave 
pattern is shown dashed in Figure 1.2, while another is exhibited in Figure 1.15. If the 
antenna system is not properly designed, the transmission line could act to a large 
degree as an energy storage element instead of as a wave guiding and energy trans- 
porting device. If the maximum field intensities of the standing wave are sufficiently 
large, they can cause arching inside the transmission lines. 

The losses due to the line, antenna, and the standing waves are undesirable. The 
losses due to the line can be minimized by selecting low-loss lines while those of 
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H— Source —]« Transmission line ——— ———-«- Antennna >| 


Za 7 (Ry + Ry) * X, 


Figure 1.2 Transmission-line Thevenin equivalent of antenna in transmitting mode. 


the antenna can be decreased by reducing the loss resistance represented by Rz in 
Figure 1.2. The standing waves can be reduced, and the energy storage capacity of the 
line minimized, by matching the impedance of the antenna (load) to the characteris- 
tic impedance of the line. This is the same as matching loads to transmission lines, 
where the load here is the antenna, and is discussed more in detail in Section 9.7. 
An equivalent similar to that of Figure 1.2 is used to represent the antenna system in 
the receiving mode where the source is replaced by a receiver. All other parts of the 
transmission-line equivalent remain the same. The radiation resistance R, is used to 
represent in the receiving mode the transfer of energy from the free-space wave to the 
antenna. This is discussed in Section 2.13 and represented by the Thevenin and Norton 
circuit equivalents of Figure 2.27. 

In addition to receiving or transmitting energy, an antenna in an advanced wireless 
system is usually required to optimize or accentuate the radiation energy in some 
directions and suppress it in others. Thus the antenna must also serve as a directional 
device in addition to a probing device. It must then take various forms to meet the 
particular need at hand, and it may be a piece of conducting wire, an aperture, a patch, 
an assembly of elements (array), a reflector, a lens, and so forth. 

For wireless communication systems, the antenna is one of the most critical com- 
ponents. A good design of the antenna can relax system requirements and improve 
overall system performance. A typical example is TV for which the overall broad- 
cast reception can be improved by utilizing a high-performance antenna. The antenna 
serves to a communication system the same purpose that eyes and eyeglasses serve to 
a human. 

The field of antennas is vigorous and dynamic, and over the last 60 years antenna 
technology has been an indispensable partner of the communications revolution. Many 
major advances that occurred during this period are in common use today; however, 
many more issues and challenges are facing us today, especially since the demands 
for system performances are even greater. Many of the major advances in antenna 
technology that have been completed in the 1970s through the early 1990s, those that 
were under way in the early 1990s, and signals of future discoveries and breakthroughs 
were captured in a special issue of the Proceedings of the IEEE (Vol. 80, No. 1, January 
1992) devoted to Antennas. The introductory paper of this special issue [1] provides 
a carefully structured, elegant discussion of the fundamental principles of radiating 
elements and has been written as an introduction for the nonspecialist and a review 
for the expert. 
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(c) Helix 


Figure 1.3 Wire antenna configurations. 


1.2 TYPES OF ANTENNAS 


We will now introduce and briefly discuss some forms of the various antenna types in 
order to get a glance as to what will be encountered in the remainder of the book. 


1.2.41 Wire Antennas 


Wire antennas are familiar to the layman because they are seen virtually every- 
where—on automobiles, buildings, ships, aircraft, spacecraft, and so on. There are 
various shapes of wire antennas such as a straight wire (dipole), loop, and helix which 
are shown in Figure 1.3. Loop antennas need not only be circular. They may take the 
form of a rectangle, square, ellipse, or any other configuration. The circular loop is the 
most common because of its simplicity in construction. Dipoles are discussed in more 
detail in Chapter 4, loops in Chapter 5, and helices in Chapter 10. 


1.2.2 Aperture Antennas 


Aperture antennas may be more familiar to the layman today than in the past because of 
the increasing demand for more sophisticated forms of antennas and the utilization of 
higher frequencies. Some forms of aperture antennas are shown in Figure 1.4. Antennas 
of this type are very useful for aircraft and spacecraft applications, because they can be 
very conveniently flush-mounted on the skin of the aircraft or spacecraft. In addition, 
they can be covered with a dielectric material to protect them from hazardous conditions 
of the environment. Waveguide apertures are discussed in more detail in Chapter 12 
while horns are examined in Chapter 13. 


1.2.8 Microstrip Antennas 


Microstrip antennas became very popular in the 1970s primarily for spaceborne applica- 
tions. Today they are used for government and commercial applications. These antennas 
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(a) Pyramidal horn 


~~ 


= 


(b) Conical horn 


(c) Rectangular waveguide 


Figure 1.4 Aperture antenna configurations. 


consist of a metallic patch on a grounded substrate. The metallic patch can take many 
different configurations, as shown in Figure 14.2. However, the rectangular and circular 
patches, shown in Figure 1.5, are the most popular because of ease of analysis and fab- 
rication, and their attractive radiation characteristics, especially low cross-polarization 
radiation. The microstrip antennas are low profile, comformable to planar and nonplanar 
surfaces, simple and inexpensive to fabricate using modern printed-circuit technology, 
mechanically robust when mounted on rigid surfaces, compatible with MMIC designs, 
and very versatile in terms of resonant frequency, polarization, pattern, and impedance. 
These antennas can be mounted on the surface of high-performance aircraft, spacecraft, 
satellites, missiles, cars, and even handheld mobile telephones. They are discussed in 
more detail in Chapter 14. 


1.2.4 Array Antennas 


Many applications require radiation characteristics that may not be achievable by a 
single element. It may, however, be possible that an aggregate of radiating elements 
in an electrical and geometrical arrangement (an array) will result in the desired 
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Figure 1.5 Rectangular and circular microstrip (patch) antennas. 


radiation characteristics. The arrangement of the array may be such that the radiation 
from the elements adds up to give a radiation maximum in a particular direction or 
directions, minimum in others, or otherwise as desired. Typical examples of arrays 
are shown in Figure 1.6. Usually the term array is reserved for an arrangement in 
which the individual radiators are separate as shown in Figures 1.6(a—c). However the 
same term is also used to describe an assembly of radiators mounted on a continuous 
structure, shown in Figure 1.6(d). 


1.2.5 Reflector Antennas 


The success in the exploration of outer space has resulted in the advancement of antenna 
theory. Because of the need to communicate over great distances, sophisticated forms 
of antennas had to be used in order to transmit and receive signals that had to travel 
millions of miles. A very common antenna form for such an application is a parabolic 
reflector shown in Figures 1.7(a) and (b). Antennas of this type have been built with 
diameters as large as 305 m. Such large dimensions are needed to achieve the high 
gain required to transmit or receive signals after millions of miles of travel. Another 
form of a reflector, although not as common as the parabolic, is the corner reflector, 
shown in Figure 1.7(c). These antennas are examined in detail in Chapter 15. 
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Figure 1.6 Typical wire, aperture, and microstrip array configurations. 


1.2.6 Lens Antennas 


Lenses are primarily used to collimate incident divergent energy to prevent it from 
spreading in undesired directions. By properly shaping the geometrical configuration 
and choosing the appropriate material of the lenses, they can transform various forms 
of divergent energy into plane waves. They can be used in most of the same applica- 
tions as are the parabolic reflectors, especially at higher frequencies. Their dimensions 
and weight become exceedingly large at lower frequencies. Lens antennas are classi- 
fied according to the material from which they are constructed, or according to their 
geometrical shape. Some forms are shown in Figure 1.8 [2]. 

In summary, an ideal antenna is one that will radiate all the power delivered to it 
from the transmitter in a desired direction or directions. In practice, however, such 
ideal performances cannot be achieved but may be closely approached. Various types 
of antennas are available and each type can take different forms in order to achieve the 
desired radiation characteristics for the particular application. Throughout the book, 
the radiation characteristics of most of these antennas are discussed in detail. 


1.38 RADIATION MECHANISM 


One of the first questions that may be asked concerning antennas would be “how is 
radiation accomplished?" In other words, how are the electromagnetic fields generated 
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Reflector 


Subreflector 


Feed 


(c) Corner reflector 


Figure 1.7 Typical reflector configurations. 


Convex-plane Convex-convex Convex-concave 


(a) Lens antennas with index of refraction n > 1 


Concave-plane Concave-concave Concave-convex 
(b) Lens antennas with index of refraction n < 1 


Figure 1.8 Typical lens antenna configurations. (source: L. V. Blake, Antennas, Wiley, New 
York, 1966). 
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by the source, contained and guided within the transmission line and antenna, and 
finally “detached” from the antenna to form a free-space wave? The best explanation 
may be given by an illustration. However, let us first examine some basic sources 
of radiation. 


1.3.4 Single Wire 


Conducting wires are material whose prominent characteristic is the motion of electric 
charges and the creation of current flow. Let us assume that an electric volume charge 
density, represented by q, (coulombs/m?), is distributed uniformly in a circular wire 
of cross-sectional area A and volume V, as shown in Figure 1.9. The total charge Q 
within volume V is moving in the z direction with a uniform velocity v; (meters/sec). 
It can be shown that the current density J, (amperes/m?) over the cross section of the 
wire is given by [3] 

Jz = qu: (1-1a) 


If the wire is made of an ideal electric conductor, the current density J; (amperes/m) 
resides on the surface of the wire and it is given by 


J; = sz (1-1b) 


where q, (coulombs/m?) is the surface charge density. If the wire is very thin (ideally 
zero radius), then the current in the wire can be represented by 


I; = qv; (1-1c) 


where q; (coulombs/m) is the charge per unit length. 

Instead of examining all three current densities, we will primarily concentrate on 
the very thin wire. The conclusions apply to all three. If the current is time varying, 
then the derivative of the current of (1-1c) can be written as 


dI. dv, 
— = — = z 1-2 
a gp dii (1-2) 


Figure 1.9 Charge uniformly distributed in a circular cross section cylinder wire. 
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where dv./dt = a, (meters/sec?) is the acceleration. If the wire is of length /, then 
(1-2) can be written as 


= lq = [qua; (1-3) 


Equation (1-3) is the basic relation between current and charge, and it also serves as the 
fundamental relation of electromagnetic radiation [4], [5]. It simply states that to create 
radiation, there must be a time-varying current or an acceleration (or deceleration) of 
charge. We usually refer to currents in time-harmonic applications while charge is most 
often mentioned in transients. To create charge acceleration (or deceleration) the wire 
must be curved, bent, discontinuous, or terminated [1], [4]. Periodic charge acceleration 
(or deceleration) or time-varying current is also created when charge is oscillating in 
a time-harmonic motion, as shown in Figure 1.17 for a 4/2 dipole. Therefore: 


1. If a charge is not moving, current is not created and there is no radiation. 
2. If charge is moving with a uniform velocity: 
a. There is no radiation if the wire is straight, and infinite in extent. 


b. There is radiation if the wire is curved, bent, discontinuous, terminated, or 
truncated, as shown in Figure 1.10. 


3. If charge is oscillating in a time-motion, it radiates even if the wire is straight. 


A qualitative understanding of the radiation mechanism may be obtained by consid- 
ering a pulse source attached to an open-ended conducting wire, which may be con- 
nected to the ground through a discrete load at its open end, as shown in Figure 1.10(d). 
When the wire is initially energized, the charges (free electrons) in the wire are set in 
motion by the electrical lines of force created by the source. When charges are accel- 
erated in the source-end of the wire and decelerated (negative acceleration with respect 
to original motion) during reflection from its end, it is suggested that radiated fields 
are produced at each end and along the remaining part of the wire, [1], [4]. Stronger 
radiation with a more broad frequency spectrum occurs if the pulses are of shorter or 
more compact duration while continuous time-harmonic oscillating charge produces, 
ideally, radiation of single frequency determined by the frequency of oscillation. The 
acceleration of the charges is accomplished by the external source in which forces set 
the charges in motion and produce the associated field radiated. The deceleration of the 
charges at the end of the wire is accomplished by the internal (self) forces associated 
with the induced field due to the buildup of charge concentration at the ends of the wire. 
The internal forces receive energy from the charge buildup as its velocity is reduced to 
zero at the ends of the wire. Therefore, charge acceleration due to an exciting electric 
field and deceleration due to impedance discontinuities or smooth curves of the wire 
are mechanisms responsible for electromagnetic radiation. While both current density 
(J.) and charge density (q,) appear as source terms in Maxwell’s equation, charge is 
viewed as a more fundamental quantity, especially for transient fields. Even though 
this interpretation of radiation is primarily used for transients, it can be used to explain 
steady state radiation [4]. 
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Figure 1.10 Wire configurations for radiation. 


1.3.2 Two-Wires 


Let us consider a voltage source connected to a two-conductor transmission line which 
is connected to an antenna. This is shown in Figure 1.11(a). Applying a voltage across 
the two-conductor transmission line creates an electric field between the conductors. 
The electric field has associated with it electric lines of force which are tangent to 
the electric field at each point and their strength is proportional to the electric field 
intensity. The electric lines of force have a tendency to act on the free electrons 
(easily detachable from the atoms) associated with each conductor and force them 
to be displaced. The movement of the charges creates a current that in turn creates 
a magnetic field intensity. Associated with the magnetic field intensity are magnetic 
lines of force which are tangent to the magnetic field. 

We have accepted that electric field lines start on positive charges and end on 
negative charges. They also can start on a positive charge and end at infinity, start at 
infinity and end on a negative charge, or form closed loops neither starting or ending on 
any charge. Magnetic field lines always form closed loops encircling current-carrying 
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Figure 1.11 Source, transmission line, antenna, and detachment of electric field lines. 


conductors because physically there are no magnetic charges. In some mathematical for- 
mulations, it is often convenient to introduce equivalent magnetic charges and magnetic 
currents to draw a parallel between solutions involving electric and magnetic sources. 

The electric field lines drawn between the two conductors help to exhibit the dis- 
tribution of charge. If we assume that the voltage source is sinusoidal, we expect the 
electric field between the conductors to also be sinusoidal with a period equal to that 
of the applied source. The relative magnitude of the electric field intensity 1s indicated 
by the density (bunching) of the lines of force with the arrows showing the relative 
direction (positive or negative). The creation of time-varying electric and magnetic 
fields between the conductors forms electromagnetic waves which travel along the 
transmission line, as shown in Figure 1.11(a). The electromagnetic waves enter the 
antenna and have associated with them electric charges and corresponding currents. If 
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we remove part of the antenna structure, as shown in Figure 1.11(b), free-space waves 
can be formed by “connecting” the open ends of the electric lines (shown dashed). 
The free-space waves are also periodic but a constant phase point Py moves outwardly 
with the speed of light and travels a distance of 4/2 (to Pı) in the time of one-half 
of a period. It has been shown [6] that close to the antenna the constant phase point 
Po moves faster than the speed of light but approaches the speed of light at points far 
away from the antenna (analogous to phase velocity inside a rectangular waveguide). 
Figure 1.12 displays the creation and travel of free-space waves by a prolate spheroid 
with A/2 interfocal distance where A is the wavelength. The free-space waves of a 
center-fed 4/2 dipole, except in the immediate vicinity of the antenna, are essentially 
the same as those of the prolate spheroid. 

The question still unanswered is how the guided waves are detached from the 
antenna to create the free-space waves that are indicated as closed loops in Figures 1.11 
and 1.12. Before we attempt to explain that, let us draw a parallel between the guided 
and free-space waves, and water waves [7] created by the dropping of a pebble in a 
calm body of water or initiated in some other manner. Once the disturbance in the 
water has been initiated, water waves are created which begin to travel outwardly. If 
the disturbance has been removed, the waves do not stop or extinguish themselves but 
continue their course of travel. If the disturbance persists, new waves are continuously 
created which lag in their travel behind the others. The same is true with the electro- 
magnetic waves created by an electric disturbance. If the initial electric disturbance by 
the source is of a short duration, the created electromagnetic waves travel inside the 
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Figure 1.12 Electric field lines of free-space wave for a 4/2 antenna at t = 0, T/8, T/4, and 
3T/8. (source: J. D. Kraus, Electromagnetics, 4th ed., McGraw-Hill, New York, 1992. Reprinted 
with permission of J. D. Kraus and John D. Cowan, Jr.). 
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Figure 1.13 Electric field lines of free-space wave for biconical antenna. 


transmission line, then into the antenna, and finally are radiated as free-space waves, 
even if the electric source has ceased to exist (as was with the water waves and their 
generating disturbance). If the electric disturbance is of a continuous nature, electro- 
magnetic waves exist continuously and follow in their travel behind the others. This 
is shown in Figure 1.13 for a biconical antenna. When the electromagnetic waves are 
within the transmission line and antenna, their existence is associated with the pres- 
ence of the charges inside the conductors. However, when the waves are radiated, they 
form closed loops and there are no charges to sustain their existence. This leads us 
to conclude that electric charges are required to excite the fields but are not needed to 
sustain them and may exist in their absence. This is in direct analogy with water waves. 


1.3.8 Dipole 


Now let us attempt to explain the mechanism by which the electric lines of force are 
detached from the antenna to form the free-space waves. This will again be illustrated 
by an example of a small dipole antenna where the time of travel is negligible. This 
is only necessary to give a better physical interpretation of the detachment of the lines 
of force. Although a somewhat simplified mechanism, it does allow one to visualize 
the creation of the free-space waves. Figure 1.14(a) displays the lines of force created 
between the arms of a small center-fed dipole in the first quarter of the period during 
which time the charge has reached its maximum value (assuming a sinusoidal time 
variation) and the lines have traveled outwardly a radial distance 4/4. For this example, 
let us assume that the number of lines formed are three. During the next quarter of 
the period, the original three lines travel an additional 4/4 (a total of 4/2 from the 
initial point) and the charge density on the conductors begins to diminish. This can be 
thought of as being accomplished by introducing opposite charges which at the end of 
the first half of the period have neutralized the charges on the conductors. The lines 
of force created by the opposite charges are three and travel a distance 4/4 during 
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(a) t = 7/4 (T = period) 


(b) t= T/2(T = period) 


(c) t= T/2(T = period) 


Figure 1.14 Formation and detachment of electric field lines for short dipole. 


the second quarter of the first half, and they are shown dashed in Figure 1.14(b). 
The end result is that there are three lines of force pointed upward in the first 4/4 
distance and the same number of lines directed downward in the second 4/4. Since 
there is no net charge on the antenna, then the lines of force must have been forced 
to detach themselves from the conductors and to unite together to form closed loops. 
This is shown in Figure 1.14(c). In the remaining second half of the period, the same 
procedure is followed but in the opposite direction. After that, the process is repeated 
and continues indefinitely and electric field patterns, similar to those of Figure 1.12, 
are formed. 


1.3.4 Computer Animation-Visualization of Radiation Problems 


A difficulty that students usually confront is that the subject of electromagnetics 
is rather abstract, and it is hard to visualize electromagnetic wave propagation and 
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interaction. With today’s advanced numerical and computational methods, and anima- 
tion and visualization software and hardware, this dilemma can, to a large extent, be 
minimized. To address this problem, we have developed and included in this chapter 
computer programs to animate and visualize three radiation problems. Descriptions 
of the computer programs are found in the computer disc included in this book. Each 
problem is solved using the Finite-Difference Time-Domain (FD-TD) method [8]—[10], 
a method which solves Maxwell’s equations as a function of time in discrete time steps 
at discrete points in space. A picture of the fields can then be taken at each time step 
to create a movie which can be viewed as a function of time. Other animation and 
visualization software, referred to as applets, are included in the attached CD. 

The three radiation problems that are animated and can be visualized using the 
computer program of this chapter and included in the computer disc are: 


a. Infinite length line source (two-dimensional) excited by a single Gaussian pulse 
and radiating in an unbounded medium. 


b. Infinite length line source (two-dimensional) excited by a single Gaussian pulse 
and radiating inside a perfectly electric conducting (PEC) square cylinder. 

c. E-plane sectoral horn (two-dimensional form of Figure 13.2) excited by a contin- 
uous cosinusoidal voltage source and radiating in an unbounded medium. 


In order to animate and then visualize each of the three radiation problems, the user 
needs MATLAB [11] and the MATLAB M-file, found in the computer disc included in 
the book, to produce the corresponding FD-TD solution of each radiation problem. For 
each radiation problem, the M-File executed in MATLAB produces a movie by taking 
a picture of the computational domain every third time step. The movie is viewed as 
a function of time as the wave travels in the computational space. 


A. Infinite Line Source in an Unbounded Medium (tm_open) 

The first FD-TD solution is that of an infinite length line source excited by a single time- 
derivative Gaussian pulse, with a duration of approximately 0.4 nanoseconds, in a two- 
dimensional TM’-computational domain. The unbounded medium is simulated using 
a six-layer Berenger Perfectly Matched Layer (PML) Absorbing Boundary Condition 
(ABC) [9], [10] to truncate the computational space at a finite distance without, in 
principle, creating any reflections. Thus, the pulse travels radially outward creating a 
traveling type of a wavefront. The outward moving wavefronts are easily identified 
using the coloring scheme for the intensity (or gray scale for black and white monitors) 
when viewing the movie. The movie is created by the MATLAB M-File which produces 
the FD-TD solution by taking a picture of the computational domain every third time 
step. Each time step is 5 picoseconds while each FD-TD cell is 3 mm on a side. 
The movie is 37 frames long covering 185 picoseconds of elapsed time. The entire 
computational space is 15.3 cm by 15.3 cm and is modeled by 2500 square FD-TD 
cells (50x50), including 6 cells to implement the PML ABC. 


B. Infinite Line Source in a PEC Square Cylinder (tm, box) 

This problem is simulated similarly as that of the line source in an unbounded medium, 
including the characteristics of the pulse. The major difference is that the computa- 
tional domain of this problem is truncated by PEC walls; therefore there is no need for 
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PML ABC. For this problem the pulse travels in an outward direction and is reflected 
when it reaches the walls of the cylinder. The reflected pulse along with the radi- 
ally outward traveling pulse interfere constructively and destructively with each other 
and create a standing type of a wavefront. The peaks and valleys of the modified 
wavefront can be easily identified when viewing the movie, using the colored or gray 
scale intensity schemes. Sufficient time is allowed in the movie to permit the pulse 
to travel from the source to the walls of the cylinder, return back to the source, and 
then return back to the walls of the cylinder. Each time step is 5 picoseconds and 
each FD-TD cell is 3 mm on a side. The movie is 70 frames long covering 350 
picoseconds of elapsed time. The square cylinder, and thus the computational space, 
has a cross section of 15.3 cm by 15.3 cm and is modeled using an area 50 by 50 
FD-TD cells. 


C. E-Plane Sectoral Horn in an Unbounded Medium (te_horn) 

The E-plane sectoral horn is excited by a cosinusoidal voltage (CW) of 9.84 GHz in 
a TE” computational domain, instead of the Gaussian pulse excitation of the previous 
two problems. The unbounded medium is implemented using an eight-layer Berenger 
PML ABC. The computational space is 25.4 cm by 25.4 cm and is modeled using 
100 by 100 FD-TD cells (each square cell being 2.54 mm on a side). The movie is 
70 frames long covering 296 picoseconds of elapsed time and is created by taking a 
picture every third frame. Each time step is 4.23 picoseconds in duration. The horn 
has a total flare angle of 52° and its flared section is 2.62 cm long, is fed by a parallel 
plate 1 cm wide and 4.06 cm long, and has an aperture of 3.56 cm. 


1.4 CURRENT DISTRIBUTION ON A THIN WIRE ANTENNA 


In the preceding section we discussed the movement of the free electrons on the 
conductors representing the transmission line and the antenna. In order to illustrate the 
creation of the current distribution on a linear dipole, and its subsequent radiation, let 
us first begin with the geometry of a lossless two-wire transmission line, as shown 
in Figure 1.15(a). The movement of the charges creates a traveling wave current, of 
magnitude 79/2, along each of the wires. When the current arrives at the end of each 
of the wires, it undergoes a complete reflection (equal magnitude and 180^ phase 
reversal). The reflected traveling wave, when combined with the incident traveling 
wave, forms in each wire a pure standing wave pattern of sinusoidal form as shown 
in Figure 1.15(a). The current in each wire undergoes a 180^ phase reversal between 
adjoining half-cycles. This is indicated in Figure 1.15(a) by the reversal of the arrow 
direction. Radiation from each wire individually occurs because of the time-varying 
nature of the current and the termination of the wire. 

For the two-wire balanced (symmetrical) transmission line, the current in a half- 
cycle of one wire is of the same magnitude but 180^ out-of-phase from that in the 
corresponding half-cycle of the other wire. If in addition the spacing between the 
two wires is very small (s «& A), the fields radiated by the current of each wire are 
essentially cancelled by those of the other. The net result is an almost ideal (and 
desired) nonradiating transmission line. 

As the section of the transmission line between 0 « z < //2 begins to flare, as shown 
in Figure 1.15(b), it can be assumed that the current distribution is essentially unaltered 
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(a) Two-wire transmission line 


(c) Linear dipole 


Figure 1.15 Current distribution on a lossless two-wire transmission line, flared transmission 
line, and linear dipole. 


in form in each of the wires. However, because the two wires of the flared section 
are not necessarily close to each other, the fields radiated by one do not necessarily 
cancel those of the other. Therefore ideally there is a net radiation by the transmission- 
line system. 

Ultimately the flared section of the transmission line can take the form shown in 
Figure 1.15(c). This is the geometry of the widely used dipole antenna. Because of 
the standing wave current pattern, it is also classified as a standing wave antenna 
(as contrasted to the traveling wave antennas which will be discussed in detail in 
Chapter 10). If / < A, the phase of the current standing wave pattern in each arm is the 
same throughout its length. In addition, spatially it is oriented in the same direction as 
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that of the other arm as shown in Figure 1.15(c). Thus the fields radiated by the two 
arms of the dipole (vertical parts of a flared transmission line) will primarily reinforce 
each other toward most directions of observation (the phase due to the relative position 
of each small part of each arm must also be included for a complete description of the 
radiation pattern formation). 

If the diameter of each wire is very small (d < A), the ideal standing wave pattern 
of the current along the arms of the dipole is sinusoidal with a null at the end. How- 
ever, its overall form depends on the length of each arm. For center-fed dipoles with 
L«&AX,L— X/2, 4/2 «l « X and A < I < 34/2, the current patterns are illustrated in 
Figures 1.16(a—d). The current pattern of a very small dipole (usually 4/50 < 1 < 
4/10) can be approximated by a triangular distribution since sin(k//2) = kl/2 when 
kl/2 is very small. This is illustrated in Figure 1.16(a). 

Because of its cyclical spatial variations, the current standing wave pattern of a 
dipole longer than A(/ > A) undergoes 180° phase reversals between adjoining half- 
cycles. Therefore the current in all parts of the dipole does not have the same phase. 
This is demonstrated graphically in Figure 1.16(d) for A < | < 34/2. In turn, the fields 
radiated by some parts of the dipole will not reinforce those of the others. As a result, 
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Figure 1.16 Current distribution on linear dipoles. 
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Figure 1.17 Current distribution on a 4/2 wire antenna for different times. 


significant interference and cancelling effects will be noted in the formation of the total 
radiation pattern. See Figure 4.11 for the pattern of a A/2 dipole and Figure 4.7 for 
that of a 1.254 dipole. 

For a time-harmonic varying system of radian frequency w = 2zrf, the current 
standing wave patterns of Figure 1.16 represent the maximum current excitation for 
any time. The current variations, as a function of time, on a A/2 center-fed dipole are 
shown in Figure 1.17 for 0 < t < T/2 where T is the period. These variations can be 
obtained by multiplying the current standing wave pattern of Figure 1.16(b) by cos(ot). 


1.5 HISTORICAL ADVANCEMENT 


The history of antennas [12] dates back to James Clerk Maxwell who unified the 
theories of electricity and magnetism, and eloquently represented their relations through 
a set of profound equations best known as Maxwell's Equations. His work was first 
published in 1873 [13]. He also showed that light was electromagnetic and that both 
light and electromagnetic waves travel by wave disturbances of the same speed. In 
1886, Professor Heinrich Rudolph Hertz demonstrated the first wireless electromagnetic 
system. He was able to produce in his laboratory at a wavelength of 4 m a spark in 
the gap of a transmitting 2/2 dipole which was then detected as a spark in the gap of 
a nearby loop. It was not until 1901 that Guglielmo Marconi was able to send signals 
over large distances. He performed, in 1901, the first transatlantic transmission from 
Poldhu in Cornwall, England, to St. John's Newfoundland. His transmitting antenna 
consisted of 50 vertical wires in the form of a fan connected to ground through a 
spark transmitter. The wires were supported horizontally by a guyed wire between two 
60-m wooden poles. The receiving antenna at St. John's was a 200-m wire pulled and 
supported by a kite. This was the dawn of the antenna era. 

From Marconi's inception through the 1940s, antenna technology was primarily 
centered on wire related radiating elements and frequencies up to about UHF. It was 
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not until World War II that modern antenna technology was launched and new elements 
(such as waveguide apertures, horns, reflectors) were primarily introduced. Much of 
this work is captured in the book by Silver [14]. A contributing factor to this new era 
was the invention of microwave sources (such as the klystron and magnetron) with 
frequencies of 1 GHz and above. 

While World War II launched a new era in antennas, advances made in com- 
puter architecture and technology during the 1960s through the 1990s have had a 
major impact on the advance of modern antenna technology, and they are expected 
to have an even greater influence on antenna engineering into the twenty-first cen- 
tury. Beginning primarily in the early 1960s, numerical methods were introduced that 
allowed previously intractable complex antenna system configurations to be analyzed 
and designed very accurately. In addition, asymptotic methods for both low frequencies 
(e.g., Moment Method (MM), Finite-Difference, Finite-Element) and high frequencies 
(e.g., Geometrical and Physical Theories of Diffraction) were introduced, contributing 
significantly to the maturity of the antenna field. While in the past antenna design 
may have been considered a secondary issue in overall system design, today it plays 
a critical role. In fact, many system successes rely on the design and performance 
of the antenna. Also, while in the first half of this century antenna technology may 
have been considered almost a “cut and try” operation, today it is truly an engineering 
art. Analysis and design methods are such that antenna system performance can be 
predicted with remarkable accuracy. In fact, many antenna designs proceed directly 
from the initial design stage to the prototype without intermediate testing. The level 
of confidence has increased tremendously. 

The widespread interest in antennas is reflected by the large number of books writ- 
ten on the subject [15]. These have been classified under four categories: Fundamental, 
Handbooks, Measurements, and Specialized. This is an outstanding collection of books, 
and it reflects the popularity of the antenna subject, especially since the 1950s. Because 
of space limitations, only a partial list is included here [2], [5], [7], [16]—[39], includ- 
ing the first and second editions of this book in 1982, 1997. Some of these books are 
now out of print. 


1.5.1 Antenna Elements 


Prior to World War II most antenna elements were of the wire type (long wires, 
dipoles, helices, rhombuses, fans, etc.), and they were used either as single elements 
or in arrays. During and after World War II, many other radiators, some of which 
may have been known for some and others of which were relatively new, were put 
into service. This created a need for better understanding and optimization of their 
radiation characteristics. Many of these antennas were of the aperture type (such as 
open-ended waveguides, slots, horns, reflectors, lenses), and they have been used for 
communication, radar, remote sensing, and deep space applications both on airborne 
and earth-based platforms. Many of these operate in the microwave region and are 
discussed in Chapters 12, 13, 15 and in [40]. 

Prior to the 1950s, antennas with broadband pattern and impedance characteristics 
had bandwidths not much greater than about 2:1. In the 1950s, a breakthrough in 
antenna evolution was created which extended the maximum bandwidth to as great 
as 40:1 or more. Because the geometries of these antennas are specified by angles 
instead of linear dimensions, they have ideally an infinite bandwidth. Therefore, they 
are referred to as frequency independent. These antennas are primarily used in the 
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10—10,000 MHz region in a variety of applications including TV, point-to-point com- 
munications, feeds for reflectors and lenses, and many others. This class of antennas 
is discussed in more detail in Chapter 11 and in [41]. 

It was not until almost 20 years later that a fundamental new radiating element, 
which has received a lot of attention and many applications since its inception, was 
introduced. This occurred in the early 1970s when the microstrip or patch antennas was 
reported. This element is simple, lightweight, inexpensive, low profile, and conformal 
to the surface. These antennas are discussed in more detail in Chapter 14 and in [42]. 

Major advances in millimeter wave antennas have been made in recent years, including 
integrated antennas where active and passive circuits are combined with the radiating 
elements in one compact unit (monolithic form). These antennas are discussed in [43]. 

Specific radiation pattern requirements usually cannot be achieved by single antenna 
elements, because single elements usually have relatively wide radiation patterns and 
low values of directivity. To design antennas with very large directivities, it is usually 
necessary to increase the electrical size of the antenna. This can be accomplished by 
enlarging the electrical dimensions of the chosen single element. However, mechanical 
problems are usually associated with very large elements. An alternative way to achieve 
large directivities, without increasing the size of the individual elements, is to use multiple 
single elements to form an array. An array is a sampled version of a very large single 
element. In an array, the mechanical problems of large single elements are traded for the 
electrical problems associated with the feed networks of arrays. However, with today's 
solid-state technology, very efficient and low-cost feed networks can be designed. 

Arrays are the most versatile of antenna systems. They find wide applications not only 
in many spaceborne systems, but in many earthbound missions as well. In most cases, the 
elements of an array are identical; this is not necessary, but it is often more convenient, 
simpler, and more practical. With arrays, it is practical not only to synthesize almost any 
desired amplitude radiation pattern, but the main lobe can be scanned by controlling the 
relative phase excitation between the elements. This is most convenient for applications 
where the antenna system is not readily accessible, especially for spaceborne missions. 
The beamwidth of the main lobe along with the side lobe level can be controlled by 
the relative amplitude excitation (distribution) between the elements of the array. In fact, 
there is a trade-off between the beamwidth and the side lobe level based on the amplitude 
distribution. Analysis, design, and synthesis of arrays are discussed in Chapters 6 and 7. 
However, advances in array technology are reported in [44] - [48]. 

A new antenna array design referred to as smart antenna, based on basic technol- 
ogy of the 1970s and 1980s, is sparking interest especially for wireless applications. 
This antenna design, which combines antenna technology with that of digital signal 
processing (DSP), is discussed in some detail in Chapter 16. 


1.5.2 Methods of Analysis 


There is plethora of antenna elements, many of which exhibit intricate configurations. 
To analyze each as a boundary-value problem and obtain solutions in closed form, the 
antenna structure must be described by an orthogonal curvilinear coordinate system. 
This places severe restrictions on the type and number of antenna systems that can be 
analyzed using such a procedure. Therefore, other exact or approximate methods are 
often pursued. Two methods that in the last three decades have been preeminent in the 
analysis of many previously intractable antenna problems are the Integral Equation 
(IE) method and the Geometrical Theory of Diffraction (GTD). 
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The Integral Equation method casts the solution to the antenna problem in the form 
of an integral (hence its name) where the unknown, usually the induced current density, 
is part of the integrand. Numerical techniques, such as the Moment Method (MM), are 
then used to solve for the unknown. Once the current density is found, the radiation 
integrals of Chapter 3 are used to find the fields radiated and other systems parameters. 
This method is most convenient for wire-type antennas and more efficient for structures 
that are small electrically. One of the first objectives of this method is to formulate the 
IE for the problem at hand. In general, there are two type of IE’s. One is the Electric 
Field Integral Equation (EFIE), and it is based on the boundary condition of the total 
tangential electric field. The other is the Magnetic Field Integral Equation (MFIE), and 
it is based on the boundary condition that expresses the total electric current density 
induced on the surface in terms of the incident magnetic field. The MFIE is only valid 
for closed surfaces. For some problems, it is more convenient to formulate an EFIE, 
while for others it is more appropriate to use an MFIE. Advances, applications, and 
numerical issues of these methods are addressed in Chapter 8 and in [3] and [49]. 

When the dimensions of the radiating system are many wavelengths, low-frequency 
methods are not as computationally efficient. However, high-frequency asymptotic 
techniques can be used to analyze many problems that are otherwise mathematically 
intractable. One such method that has received considerable attention and application 
over the years is the GTD, which is an extension of geometrical optics (GO), and it 
overcomes some of the limitations of GO by introducing a diffraction mechanism. The 
Geometrical Theory of Diffraction is briefly discussed in Section 12.10. However, a 
detailed treatment is found in Chapter 13 of [3] while recent advances and applications 
are found in [50] and [51]. 

For structures that are not convenient to analyze by either of the two methods, a 
combination of the two is often used. Such a technique is referred to as a hybrid method, 
and it is described in detail in [52]. Another method, which has received a lot of attention 
in scattering, is the Finite-Difference Time-Domain (FDTD). This method has also been 
applied to antenna radiation problems [53]—[56]. A method that is beginning to gain 
momentum in its application to antenna problems is the Finite Element Method [57] - [61 ]. 


1.5.8 Some Future Challenges 


Antenna engineering has enjoyed a very successful period during the 1940s— 1990s. 
Responsible for its success have been the introduction and technological advances of some 
new elements of radiation, such as aperture antennas, reflectors, frequency independent 
antennas, and microstrip antennas. Excitement has been created by the advancement of the 
low-frequency and high-frequency asymptotic methods, which has been instrumental in 
analyzing many previously intractable problems. A major factor in the success of antenna 
technology has been the advances in computer architecture and numerical computation 
methods. Today antenna engineering is considered a truly fine engineering art. 
Although a certain level of maturity has been attained, there are many challenging 
opportunities and problems to be solved. Phased array architecture integrating monolithic 
MIC technology is still a most challenging problem. Integration of new materials, such 
as metamaterials [62], artificial magnetic conductors and soft/hard surfaces [63], into 
antenna technology offers many opportunities, and asymptotic methods will play key roles 
in their incorporation and system performance. Computational electromagnetics using 
supercomputing and parallel computing capabilities will model complex electromagnetic 
wave interactions, in both the frequency and time domains. Innovative antenna designs, 
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such as those using smart antennas [64], and multifunction, reconfigurable antennas and 
antenna systems [65], to perform complex and demanding system functions remain a 
challenge. New basic elements are always welcome and offer refreshing opportunities. 
New applications include, but are not limited to wireless communications, direct broadcast 
satellite systems, global positioning satellites (GPS), high-accuracy airborne navigation, 
global weather, earth resource systems, and others. Because of the many new applications, 
the lower portion of the EM spectrum has been saturated and the designs have been pushed 
to higher frequencies, including the millimeter wave frequency bands. 


1.6 MULTIMEDIA 


In the CD that is part of this book, the following multimedia resources related to this 
chapter are included: 


a. Java-based interactive questionnaire with answers. 

b. Three Matlab-based animation-visualization programs designated 
e tm open 
e im box 


e te horn 
which are described in detail in Section 1.3.4 and the corresponding READ ME 
file of the attached CD. 


c. Power Point (PPT) viewgraphs. 
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Fundamental Parameters of Antennas 


2.1 INTRODUCTION 


To describe the performance of an antenna, definitions of various parameters are neces- 
sary. Some of the parameters are interrelated and not all of them need be specified for 
complete description of the antenna performance. Parameter definitions will be given 
in this chapter. Many of those in quotation marks are from the ZEEE Standard Defini- 
tions of Terms for Antennas (IEEE Std 145-1983).* This is a revision of the IEEE Std 
145-1973. 


2.2 RADIATION PATTERN 


An antenna radiation pattern or antenna pattern is defined as “a mathematical function 
or a graphical representation of the radiation properties of the antenna as a function 
of space coordinates. In most cases, the radiation pattern is determined in the far- 
field region and is represented as a function of the directional coordinates. Radiation 
properties include power flux density, radiation intensity, field strength, directivity, 
phase or polarization.” The radiation property of most concern is the two- or three- 
dimensional spatial distribution of radiated energy as a function of the observer’s 
position along a path or surface of constant radius. A convenient set of coordinates 
is shown in Figure 2.1. A trace of the received electric (magnetic) field at a constant 
radius is called the amplitude field pattern. On the other hand, a graph of the spatial 
variation of the power density along a constant radius is called an amplitude power 
pattern. 

Often the field and power patterns are normalized with respect to their maximum 
value, yielding normalized field and power patterns. Also, the power pattern is usually 
plotted on a logarithmic scale or more commonly in decibels (dB). This scale is usually 
desirable because a logarithmic scale can accentuate in more details those parts of the 


*IEEE Transactions on Antennas and Propagation, Vols. AP-17, No. 3, May 1969; Vol. AP-22, No. 1, 
January 1974; and Vol. AP-31, No. 6, Part II, November 1983. 
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Figure 2.1 Coordinate system for antenna analysis. 


pattern that have very low values, which later we will refer to as minor lobes. For an 
antenna, the 


a. field pattern (in linear scale) typically represents a plot of the magnitude of the 
electric or magnetic field as a function of the angular space. 


b. power pattern (in linear scale) typically represents a plot of the square of the 
magnitude of the electric or magnetic field as a function of the angular space. 


c. power pattern (in dB) represents the magnitude of the electric or magnetic field, 
in decibels, as a function of the angular space. 


To demonstrate this, the two-dimensional normalized field pattern (plotted in linear 
scale), power pattern (plotted in linear scale), and power pattern (plotted on a log- 
arithmic dB scale) of a 10-element linear antenna array of isotropic sources, with a 
spacing of d = 0.254 between the elements, are shown in Figure 2.2. In this and sub- 
sequent patterns, the plus (+) and minus (—) signs in the lobes indicate the relative 
polarization of the amplitude between the various lobes, which changes (alternates) 
as the nulls are crossed. To find the points where the pattern achieves its half-power 
(—3 dB points), relative to the maximum value of the pattern, you set the value of the 


a. field pattern at 0.707 value of its maximum, as shown in Figure 2.2(a) 


b. power pattern (in a linear scale) at its 0.5 value of its maximum, as shown in 
Figure 2.2(b) 


c. power pattern (in dB) at —3 dB value of its maximum, as shown in Figure 2.2(c). 
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(c) Power pattern (in dB) 


Figure 2.2 Two-dimensional normalized field pattern (linear scale), power pattern (linear 
scale), and power pattern (in dB) of a 10-element linear array with a spacing of d = 0.254. 


All three patterns yield the same angular separation between the two half-power points, 
38.64°, on their respective patterns, referred to as HPBW and illustrated in Figure 2.2. 
This is discussed in detail in Section 2.5. 

In practice, the three-dimensional pattern is measured and recorded in a series of 
two-dimensional patterns. However, for most practical applications, a few plots of the 
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pattern as a function of 0 for some particular values of $, plus a few plots as a function 
of $ for some particular values of 0, give most of the useful and needed information. 


2.2.1 Radiation Pattern Lobes 


Various parts of a radiation pattern are referred to as lobes, which may be subclassified 
into major or main, minor, side, and back lobes. 

A radiation lobe is a "portion of the radiation pattern bounded by regions of 
relatively weak radiation intensity." Figure 2.3(a) demonstrates a symmetrical three- 
dimensional polar pattern with a number of radiation lobes. Some are of greater 
radiation intensity than others, but all are classified as lobes. Figure 2.3(b) illustrates 
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Figure 2.3 (a) Radiation lobes and beamwidths of an antenna pattern. (b) Linear plot of power 
pattern and its associated lobes and beamwidths. 
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a linear two-dimensional pattern [one plane of Figure 2.3(a)] where the same pattern 
characteristics are indicated. 

MATLAB-based computer programs, designated as polar and spherical, have been 
developed and are included in the CD of this book. These programs can be used to 
plot the two-dimensional patterns, both polar and semipolar (in linear and dB scales), 
in polar form and spherical three-dimensional patterns (in linear and dB scales). A 
description of these programs is found in the attached CD. Other programs that have 
been developed for plotting rectangular and polar plots are those of [1]-[3]. 

A major lobe (also called main beam) is defined as “the radiation lobe containing 
the direction of maximum radiation.” In Figure 2.3 the major lobe is pointing in the 
0 = 0 direction. In some antennas, such as split-beam antennas, there may exist more 
than one major lobe. A minor lobe is any lobe except a major lobe. In Figures 2.3(a) 
and (b) all the lobes with the exception of the major can be classified as minor lobes. 
A side lobe is “a radiation lobe in any direction other than the intended lobe.” (Usually 
a side lobe is adjacent to the main lobe and occupies the hemisphere in the direction 
of the main beam.) A back lobe is “a radiation lobe whose axis makes an angle of 
approximately 180° with respect to the beam of an antenna.” Usually it refers to a 
minor lobe that occupies the hemisphere in a direction opposite to that of the major 
(main) lobe. 

Minor lobes usually represent radiation in undesired directions, and they should be 
minimized. Side lobes are normally the largest of the minor lobes. The level of minor 
lobes is usually expressed as a ratio of the power density in the lobe in question to 
that of the major lobe. This ratio is often termed the side lobe ratio or side lobe level. 
Side lobe levels of —20 dB or smaller are usually not desirable in most applications. 


N 
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Figure 2.4 Normalized three-dimensional amplitude field pattern (in linear scale) of a 10-ele- 
ment linear array antenna with a uniform spacing of d = 0.254 and progressive phase shift 
p = —0.67z between the elements. 
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Attainment of a side lobe level smaller than —30 dB usually requires very careful 
design and construction. In most radar systems, low side lobe ratios are very important 
to minimize false target indications through the side lobes. 

A normalized three-dimensional far-field amplitude pattern, plotted on a linear scale, 
of a 10-element linear antenna array of isotropic sources with a spacing of d = 0.25A 
and progressive phase shift 8 = —0.67:, between the elements is shown in Figure 2.4. It 
is evident that this pattern has one major lobe, five minor lobes and one back lobe. The 
level of the side lobe is about —9 dB relative to the maximum. A detailed presentation 
of arrays is found in Chapter 6. For an amplitude pattern of an antenna, there would 
be, in general, three electric-field components (E,, Eo, Eg) at each observation point 
on the surface of a sphere of constant radius r = r,, as shown in Figure 2.1. In the far 
field, the radial E, component for all antennas is zero or vanishingly small compared 
to either one, or both, of the other two components (see Section 3.6 of Chapter 3). 
Some antennas, depending on their geometry and also observation distance, may have 
only one, two, or all three components. In general, the magnitude of the total electric 


field would be |E| = \/|E,|? + | Eg]? + | E;?. The radial distance in Figure 2.4, and 
similar ones, represents the magnitude of |E]. 


2.2.2 Isotropic, Directional, and Omnidirectional Patterns 


An isotropic radiator is defined as “a hypothetical lossless antenna having equal radia- 
tion in all directions.” Although it is ideal and not physically realizable, it is often 


H-field 
aperture distribution 


E-field 


H-field 


II-Plane 
E-Plane E-field 
x aperture distribution 


Figure 2.5 Principal E- and H-plane patterns for a pyramidal horn antenna. 
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taken as a reference for expressing the directive properties of actual antennas. A 
directional antenna is one “having the property of radiating or receiving electromag- 
netic waves more effectively in some directions than in others. This term is usually 
applied to an antenna whose maximum directivity is significantly greater than that 
of a half-wave dipole.” Examples of antennas with directional radiation patterns are 
shown in Figures 2.5 and 2.6. It is seen that the pattern in Figure 2.6 is nondirec- 
tional in the azimuth plane [f(¢),@ = 2/2] and directional in the elevation plane 
[g(0), $ = constant]. This type of a pattern is designated as omnidirectional, and it 
is defined as one “having an essentially nondirectional pattern in a given plane (in 
this case in azimuth) and a directional pattern in any orthogonal plane (in this case in 
elevation).” An omnidirectional pattern is then a special type of a directional pattern. 


2.2.8 Principal Patterns 


For a linearly polarized antenna, performance is often described in terms of its principal 
E- and H-plane patterns. The E-plane is defined as "the plane containing the electric- 
field vector and the direction of maximum radiation,” and the H-plane as “the plane 
containing the magnetic-field vector and the direction of maximum radiation.” Although 
it is very difficult to illustrate the principal patterns without considering a specific 
example, it is the usual practice to orient most antennas so that at least one of the 
principal plane patterns coincide with one of the geometrical principal planes. An 
illustration is shown in Figure 2.5. For this example, the x-z plane (elevation plane; 
$ = 0) is the principal E-plane and the x-y plane (azimuthal plane; 0 = 2/2) is the 
principal H-plane. Other coordinate orientations can be selected. 

The omnidirectional pattern of Figure 2.6 has an infinite number of principal E-planes 
(elevation planes; $ = $c) and one principal H-plane (azimuthal plane; 0 = 90°). 
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Figure 2.6 Omnidirectional antenna pattern. 
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Figure 2.7 Field regions of an antenna. 


2.2.4 Field Regions 


The space surrounding an antenna is usually subdivided into three regions: (a) reactive 
near-field, (b) radiating near-field (Fresnel) and (c) far-field (Fraunhofer) regions as 
shown in Figure 2.7. These regions are so designated to identify the field structure in 
each. Although no abrupt changes in the field configurations are noted as the bound- 
aries are crossed, there are distinct differences among them. The boundaries separating 
these regions are not unique, although various criteria have been established and are 
commonly used to identify the regions. 

Reactive near-field region is defined as “that portion of the near-field region imme- 
diately surrounding the antenna wherein the reactive field predominates.” For most 
antennas, the outer boundary of this region is commonly taken to exist at a distance R < 
0.62,/ D3/ from the antenna surface, where X is the wavelength and D is the largest 
dimension of the antenna. “For a very short dipole, or equivalent radiator, the outer 
boundary is commonly taken to exist at a distance 1/27 from the antenna surface.” 

Radiating near-field (Fresnel) region is defined as “that region of the field of an 
antenna between the reactive near-field region and the far-field region wherein radiation 
fields predominate and wherein the angular field distribution is dependent upon the dis- 
tance from the antenna. If the antenna has a maximum dimension that is not large com- 
pared to the wavelength, this region may not exist. For an antenna focused at infinity, 
the radiating near-field region is sometimes referred to as the Fresnel region on the basis 
of analogy to optical terminology. If the antenna has a maximum overall dimension 
which is very small compared to the wavelength, this field region may not exist.” The 
inner boundary is taken to be the distance R > 0.62,/ D?/X and the outer boundary the 
distance R < 2D?/A where D is the largest* dimension of the antenna. This criterion is 
based on a maximum phase error of 77/8. In this region the field pattern is, in general, 
a function of the radial distance and the radial field component may be appreciable. 


"To be valid, D must also be large compared to the wavelength (D > A). 
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Far-field (Fraunhofer) region is defined as “that region of the field of an antenna 
where the angular field distribution is essentially independent of the distance from the 
antenna. If the antenna has a maximum* overall dimension D, the far-field region is 
commonly taken to exist at distances greater than 2D?/) from the antenna, à being 
the wavelength. The far-field patterns of certain antennas, such as multibeam reflector 
antennas, are sensitive to variations in phase over their apertures. For these antennas 
2D?/X may be inadequate. In physical media, if the antenna has a maximum overall 
dimension, D, which is large compared to z/|y|, the far-field region can be taken to 
begin approximately at a distance equal to |y|D?/z from the antenna, y being the 
propagation constant in the medium. For an antenna focused at infinity, the far-field 
region is sometimes referred to as the Fraunhofer region on the basis of analogy to 
optical terminology." In this region, the field components are essentially transverse and 
the angular distribution is independent of the radial distance where the measurements 
are made. The inner boundary is taken to be the radial distance R = 2D?/) and the 
outer one at infinity. 

The amplitude pattern of an antenna, as the observation distance 1s varied from the 
reactive near field to the far field, changes in shape because of variations of the fields, 
both magnitude and phase. A typical progression of the shape of an antenna, with the 
largest dimension D, is shown in Figure 2.8. It is apparent that in the reactive near- 
field region the pattern is more spread out and nearly uniform, with slight variations. 
As the observation is moved to the radiating near-field region (Fresnel), the pattern 
begins to smooth and form lobes. In the far-field region (Fraunhofer), the pattern is 
well formed, usually consisting of few minor lobes and one, or more, major lobes. 
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Figure 2.8 Typical changes of antenna amplitude pattern shape from reactive near field 
toward the far field. (source: Y. Rahmat-Samii, L. I. Williams, and R. G. Yoccarino, The UCLA 
Bi-polar Planar-Near-Field Antenna Measurement and Diagnostics Range," JEEE Antennas & 
Propagation Magazine, Vol. 37, No. 6, December 1995 © 1995 IEEE). 


"To be valid, D must also be large compared to the wavelength (D > i). 
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To illustrate the pattern variation as a function of radial distance beyond the min- 
imum 2D?/4 far-field distance, in Figure 2.9 we have included three patterns of a 
parabolic reflector calculated at distances of R = 2D?/A, 4D?/A, and infinity [4]. It 
is observed that the patterns are almost identical, except for some differences in the 
pattern structure around the first null and at a level below 25 dB. Because infinite dis- 


tances are not realizable in practice, the most commonly used criterion for minimum 
distance of far-field observations is 2D?/A. 


2.2.5 Radian and Steradian 


The measure of a plane angle is a radian. One radian is defined as the plane angle with 
its vertex at the center of a circle of radius r that is subtended by an arc whose length 
is r. A graphical illustration is shown in Figure 2.10(a). Since the circumference of a 
circle of radius r is C = 2ztr, there are 27 rad (27r/r) in a full circle. 

The measure of a solid angle is a steradian. One steradian is defined as the solid 
angle with its vertex at the center of a sphere of radius r that is subtended by a spherical 
surface area equal to that of a square with each side of length r. A graphical illustration 
is shown in Figure 2.10(b). Since the area of a sphere of radius r is A = 4zr7?, there 
are 4m sr (4zr?/r?) in a closed sphere. 


Relative power pattern (dB) 
| 
t2 
© 
T— 


—30 


-4oL 
0 


U = (1D[A) sin 6 


Figure 2.9 Calculated radiation patterns of a paraboloid antenna for different distances from 
the antenna. (source: J. S. Hollis, T. J. Lyon, and L. Clayton, Jr. (eds.), Microwave Antenna 
Measurements, Scientific-Atlanta, Inc., July 1970). 
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Figure 2.10 Geometrical arrangements for defining a radian and a steradian. 


The infinitesimal area dA on the surface of a sphere of radius r, shown in Figure 2.1, 
is given by 


dA=r’sinOdd@dd (n) (2-1) 


Therefore, the element of solid angle d2 of a sphere can be written as 


dA : 
dR = == sin dð dọ (sr) (2-2) 
r 


Example 2.1 


For a sphere of radius r, find the solid angle 4 (in square radians or steradians) of a 
spherical cap on the surface of the sphere over the north-pole region defined by spherical 
angles of 0 < 6 < 30°, 0 < $ < 180°. Refer to Figures 2.1 and 2.10. Do this 


a. exactly. 


b. using 24 ~ AO, - A02, where AO; and AO, are two perpendicular angular 
separations of the spherical cap passing through the north pole. 


Compare the two. 
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Solution: 


a. Using (2-2), we can write that 


360? 30° 2m  pm/6 Qn 1/6 
ael Í ag= | 1 sina dodo = | as f sin 0 d0 
0 0 o Jo 0 0 


= 2x [— cos 0][7/^ = 2x[—0.867 + 1] = 27 (0.133) = 0.83566 


AG012A05 em xà 
b arao Nos CEU TOMBE EC tec 
A 1 2 (^01) 3 (=) 9 


It is apparent that the approximate beam solid angle is about 31.23% in error. 


2.3 RADIATION POWER DENSITY 


Electromagnetic waves are used to transport information through a wireless medium or 
a guiding structure, from one point to the other. It is then natural to assume that power 
and energy are associated with electromagnetic fields. The quantity used to describe the 
power associated with an electromagnetic wave is the instantaneous Poynting vector 
defined as 


W —'6»x99 (2-3) 


W = instantaneous Poynting vector (W/m?) 
€ = instantaneous electric-field intensity (V/m) 
3€ = instantaneous magnetic-field intensity (A/m) 


Note that script letters are used to denote instantaneous fields and quantities, while 
roman letters are used to represent their complex counterparts. 

Since the Poynting vector is a power density, the total power crossing a closed 
surface can be obtained by integrating the normal component of the Poynting vector 
over the entire surface. In equation form 


= fw-ds= f wna (2-4) 
S S 


= instantaneous total power (W) 
= unit vector normal to the surface 
da = infinitesimal area of the closed surface (m7) 


> 
| 


For applications of time-varying fields, it is often more desirable to find the aver- 
age power density which is obtained by integrating the instantaneous Poynting vector 
over one period and dividing by the period. For time-harmonic variations of the form 
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e/®', we define the complex fields E and H which are related to their instantaneous 
counterparts é and 9€ by 


Elx, y, z; t) = Re[E(x, y, z)e/^'] (2-5) 
H(x, y, zt) = ReH (x, y, 2)e/"'] (2-6) 


Using the definitions of (2-5) and (2-6) and the identity Re[Ee/^'] = 2[Ee/^' + E*e J^], 
(2-3) can be written as 


W = x 3€ = iRe[E x H*] + 2Re[E x He!) (2-7) 


The first term of (2-7) is not a function of time, and the time variations of the second are 
twice the given frequency. The time average Poynting vector (average power density) 
can be written as 


Way (x, y, z) = (WO, y, zit) = 3Re[E x H*] |. (W/m?) (2-8) 


The 5 factor appears in (2-7) and (2-8) because the E and H fields represent peak 
values, and it should be omitted for RMS values. 

A close observation of (2-8) may raise a question. If the real part of (E x H*)/2 
represents the average (real) power density, what does the imaginary part of the same 
quantity represent? At this point it will be very natural to assume that the imaginary part 
must represent the reactive (stored) power density associated with the electromagnetic 
fields. In later chapters, it will be shown that the power density associated with the 
electromagnetic fields of an antenna in its far-field region is predominately real and 
will be referred to as radiation density. 

Based upon the definition of (2-8), the average power radiated by an antenna (radi- 
ated power) can be written as 


Pug = Pay = f was = fl Wo faa 
S S 


1 
= 5 ff nett x H°) -as 


S 


(2-9) 


The power pattern of the antenna, whose definition was discussed in Section 2.2, 
is just a measure, as a function of direction, of the average power density radiated 
by the antenna. The observations are usually made on a large sphere of constant 
radius extending into the far field. In practice, absolute power patterns are usually not 
desired. However, the performance of the antenna is measured in terms of the gain (to 
be discussed in a subsequent section) and in terms of relative power patterns. Three- 
dimensional patterns cannot be measured, but they can be constructed with a number 
of two-dimensional cuts. 
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Example 2.2 


The radial component of the radiated power density of an antenna is given by 


A ^, , sind 
Wig = â, W, = decus (W/m?) 
where Ay is the peak value of the power density, 0 is the usual spherical coordinate, and â, 
is the radial unit vector. Determine the total radiated power. 
Solution: For a closed surface, a sphere of radius r is chosen. To find the total radiated 
power, the radial component of the power density is integrated over its surface. Thus 


Prad = fw. : fida 
S 


2x m inÓ 
=] i (aa ) er sine d0 do) = ^A (W) 
0 0 r 


A three-dimensional normalized plot of the average power density at a distance of r = 1 m 
is shown in Figure 2.6. 


An isotropic radiator is an ideal source that radiates equally in all directions. Although 
it does not exist in practice, it provides a convenient isotropic reference with which to 
compare other antennas. Because of its symmetric radiation, its Poynting vector will 
not be a function of the spherical coordinate angles 0 and $. In addition, it will have 
only a radial component. Thus the total power radiated by it is given by 


2x m 
Pad = f Wo -ds = / f [.Wo(r)] - [â-r? sind d0 d$] = 4xr?Wo (2-10) 
0 0 
S 


and the power density by 


^ ^ Prad 2 
Wo = à, Wo = â, (W/m^) (2-11) 
Arr? 


which is uniformly distributed over the surface of a sphere of radius r. 


2.4 RADIATION INTENSITY 


Radiation intensity in a given direction is defined as "the power radiated from an 
antenna per unit solid angle." The radiation intensity is a far-field parameter, and 
it can be obtained by simply multiplying the radiation density by the square of the 
distance. In mathematical form it is expressed as 
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where 


U = radiation intensity (W/unit solid angle) 
Wiad = radiation density (W/m?) 


The radiation intensity is also related to the far-zone electric field of an antenna, 
referring to Figure 2.4, by 


r? zaot 2 2 
U (6. p) = ZEC 0, p? = = [IEC 6, 4 + Eol, 0, I] 
" 4 (2-12a) 
255 [E (6. Ø)? + 1E; (8. 9)? ] 
where 
—jkr 
E(r, 0, $) = far-zone electric-field intensity of the antenna = E’ (0, $) 


r 
Eo, Ey = far-zone electric-field components of the antenna 


1 = intrinsic impedance of the medium 
The radial electric-field component (£,) is assumed, if present, to be small in the far 
zone. Thus the power pattern is also a measure of the radiation intensity. 


The total power is obtained by integrating the radiation intensity, as given by (2-12), 
over the entire solid angle of 47. Thus 


2x T 
Pai = f vas f f U sind do dó (2-13) 
0 0 
Q 


where dQ = element of solid angle = sin 0 dé dọ. 


Example 2.3 


For the problem of Example 2.2, find the total radiated power using (2-13). 
Solution: Using (2-12) 
U =r? Wr = Ao sind 


and by (2-13) 


2x T 2x T 
Pra = f f U sin0 d0 dọ = ^o | f sin? 0 dO db = 17 Ao 
0 0 0 0 


which is the same as that obtained in Example 2.2. A three-dimensional plot of the relative 
radiation intensity is also represented by Figure 2.6. 


For an isotropic source U will be independent of the angles 6 and $, as was the 
case for Waq. Thus (2-13) can be written as 


Paa = f mag= v f dQ = 4r Uo (2-14) 


Q Q 
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or the radiation intensity of an isotropic source as 


P, rad 


Un = 
a An 


(2-15) 


2.5 BEAMWIDTH 


Associated with the pattern of an antenna is a parameter designated as beamwidth. 
The beamwidth of a pattern is defined as the angular separation between two identical 
points on opposite side of the pattern maximum. In an antenna pattern, there are a 
number of beamwidths. One of the most widely used beamwidths is the Half-Power 
Beamwidth (HPBW), which is defined by IEEE as: “In a plane containing the direction 
of the maximum of a beam, the angle between the two directions in which the radiation 
intensity is one-half value of the beam.” This is demonstrated in Figure 2.2. Another 
important beamwidth is the angular separation between the first nulls of the pattern, 
and it is referred to as the First-Null Beamwidth (FNBW ). Both the HPBW and FNBW 
are demonstrated for the pattern in Figure 2.11 for the pattern of Example 2.4. Other 
beamwidths are those where the pattern is —10 dB from the maximum, or any other 
value. However, in practice, the term beamwidth, with no other identification, usually 
refers to HPBW. 

The beamwidth of an antenna is a very important figure of merit and often is used 
as a trade-off between it and the side lobe level; that is, as the beamwidth decreases, 
the side lobe increases and vice versa. In addition, the beamwidth of the antenna is also 


HPBW = 28.65° 


/ 


/^ FNBW = 60? 


(a) Three dimensional (b) Two-dimensional 


Figure 2.11 Three- and two-dimensional power patterns (in linear scale) of U(@) = 
cos? (0) cos? (30). 
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used to describe the resolution capabilities of the antenna to distinguish between two 
adjacent radiating sources or radar targets. The most common resolution criterion states 
that the resolution capability of an antenna to distinguish between two sources is equal 
to half the first-null beamwidth (FNBW/2), which is usually used to approximate the half- 
power beamwidth (HPBW) [5], [6]. That is, two sources separated by angular distances 
equal or greater than FNBW/2 ~ HPBW of an antenna with a uniform distribution can 
be resolved. If the separation is smaller, then the antenna will tend to smooth the 
angular separation distance. 


Example 2.4 


The normalized radiation intensity of an antenna is represented by 
U (0) = cos? (0) cos? (30), (00-90, 0° <¢ < 360°) 


The three- and two-dimensional plots of this, plotted in a linear scale, are shown in 
Figure 2.11. Find the 


a. half-power beamwidth HPBW (in radians and degrees) 
b. first-null beamwidth FNBW (in radians and degrees) 


Solution: 


a. Since the U (0) represents the power pattern, to find the half-power beamwidth 
you set the function equal to half of its maximum, or 


U (0)|o—o, = cos? (0) cos? (30)lo=0, = 0.5 = cos On cos 38h = 0.707 
Pee e REO 
m cos 36), 


Since this is an equation with transcendental functions, it can be solved iter- 
atively. After a few iterations, it is found that 


6, ~ 0.25 radians = 14.325° 


Since the function U(@) is symmetrical about the maximum at 0 = 0, then 
the HPBW is 


HPBW = 20, ~ 0.50 radians = 28.65° 
b. To find the first-null beamwidth (FNBW), you set the U(@) equal to zero, or 


U (0)|o—a, = cos” (0) cos? (30)lo=0, = 0 
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This leads to two solutions for 6,. 
E T : ə 
Cosor =0 => 6, =cos (0) = m radians — 90 


1 
cos 38, = 0 => 8, = = cos"! (0) = - SONA =A 


The one with the smallest value leads to the FNBW. Again, because of the 
symmetry of the pattern, the FNBW is 


FNBW = 20, = = radians = 60° 


2.6 DIRECTIVITY 


In the 1983 version of the IEEE Standard Definitions of Terms for Antennas, there has 
been a substantive change in the definition of directivity, compared to the definition 
of the 1973 version. Basically the term directivity in the new 1983 version has been 
used to replace the term directive gain of the old 1973 version. In the new 1983 
version the term directive gain has been deprecated. According to the authors of the 
new 1983 standards, “this change brings this standard in line with common usage 
among antenna engineers and with other international standards, notably those of the 
International Electrotechnical Commission (IEC).” Therefore directivity of an antenna 
defined as “the ratio of the radiation intensity in a given direction from the antenna 
to the radiation intensity averaged over all directions. The average radiation intensity 
is equal to the total power radiated by the antenna divided by 47r. If the direction is 
not specified, the direction of maximum radiation intensity is implied.” Stated more 
simply, the directivity of a nonisotropic source is equal to the ratio of its radiation 
intensity in a given direction over that of an isotropic source. In mathematical form, 
using (2-15), it can be written as 


(2-16) 


If the direction is not specified, it implies the direction of maximum radiation intensity 
(maximum directivity) expressed as 


U | max Umax rh 4r Umax 


Dmax = Do = = (2-16a) 


Up P, rad 


D = directivity (dimensionless) 
Do = maximum directivity (dimensionless) 
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U = radiation intensity (W/unit solid angle) 
Umax = maximum radiation intensity (W/unit solid angle) 

Uo = radiation intensity of isotropic source (W/unit solid angle) 
Paa = total radiated power (W) 


For an isotropic source, it is very obvious from (2-16) or (2-16a) that the directivity 
is unity since U, Umax, and Up are all equal to each other. 

For antennas with orthogonal polarization components, we define the partial direc- 
tivity of an antenna for a given polarization in a given direction as “that part of the 
radiation intensity corresponding to a given polarization divided by the total radiation 
intensity averaged over all directions." With this definition for the partial directivity, 
then in a given direction "the total directivity is the sum of the partial directivities for 
any two orthogonal polarizations." For a spherical coordinate system, the total max- 
imum directivity Do for the orthogonal 6 and $ components of an antenna can be 
written as 


Do = Do + D, (2-17) 
while the partial directivities Dg and Dg are expressed as 


4r Ug 
ee e e (2-17a) 
(Praado + (Praa)o 


Ar U, 
De (2-17b) 
(Praado =r (Praa)o 


Us = radiation intensity in a given direction contained in 0 field component 

Uy = radiation intensity in a given direction contained in $ field component 
(Prado = radiated power in all directions contained in 0 field component 
(Pig) = radiated power in all directions contained in $ field component 


Example 2.5 


As an illustration, find the maximum directivity of the antenna whose radiation intensity is 
that of Example 2.2. Write an expression for the directivity as a function of the directional 
angles 0 and $. 

Solution: 'The radiation intensity is given by 


U = r?Waa = Ao sin 0 


The maximum radiation is directed along 0 = 2/2. Thus 


Umax = Ao 


46 FUNDAMENTAL PARAMETERS OF ANTENNAS 


In Example 2.2 it was found that 
Pag = 7 ? Ao 


Using (2-16a), we find that the maximum directivity is equal to 


4nUmax 4 
Dye ee ae T 
Prad Um 


Since the radiation intensity is only a function of 0, the directivity as a function of the 
directional angles is represented by 


D = Dosin@ = 1.27sin0 


Before proceeding with a more general discussion of directivity, it may be proper 
at this time to consider another example, compute its directivity, compare it with that 
of the previous example, and comment on what it actually represents. This may give 
the reader a better understanding and appreciation of the directivity. 


Example 2.6 


The radial component of the radiated power density of an infinitesimal linear dipole of length 
l « X is given by 
sin? 0 


Wa = â, W, = â, Ao (W/m?) 


r? 


where Ay is the peak value of the power density, 0 is the usual spherical coordinate, and â, 
is the radial unit vector. Determine the maximum directivity of the antenna and express the 
directivity as a function of the directional angles 0 and 4$. 

Solution: 'The radiation intensity is given by 


U — r?W, = Agsin’ 0 
The maximum radiation is directed along 0 = 2/2. Thus 
Umax = Ao 


The total radiated power is given by 


2x T 8 
5.0) b TU 
Pas = f Ud = Ao f f sin asino do d$ = Ao (57 ) 
0 0 


Q 
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Using (2-16a), we find that the maximum directivity is equal to 


D.— 47r U max 3 4r Ao 2 3 
a Prod E 8x B 2 


which is greater than 1.27 found in Example 2.5. Thus the directivity is represented by 


D = Do sin? 0 = 1.5 sin? 6 


At this time it will be proper to comment on the results of Examples 2.5 and 2.6. 
To better understand the discussion, we have plotted in Figure 2.12 the relative radia- 
tion intensities of Example 2.5 (U = Ao sin 0) and Example 2.6 (U = Ag sin? 9) where 
Ao was set equal to unity. We see that both patterns are omnidirectional but that of 
Example 2.6 has more directional characteristics (is narrower) in the elevation plane. 
Since the directivity is a "figure of merit" describing how well the radiator directs 
energy in a certain direction, it should be convincing from Figure 2.12 that the direc- 
tivity of Example 2.6 should be higher than that of Example 2.5. 

To demonstrate the significance of directivity, let us consider another example; in 
particular let us examine the directivity of a half-wavelength dipole (J = 4/2), which 
is derived in Section 4.6 of Chapter 4 and can be approximated by 


D = Dogsin? 0 = 1.67 sin? 0 (2-18) 


> AN 


y 


Figure 2.12 Three-dimensional radiation intensity patterns. (source: P. Lorrain and D. R. 
Corson, Electromagnetic Fields and Waves, 2nd ed., W. H. Freeman and Co. Copyright © 1970). 
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since it can be shown that 


T 2 
COS (Z cos 6) 
PE 2 
sin” 8 x | ————— (2-18a) 
sin 0 


where 0 is measured from the axis along the length of the dipole. The values repre- 
sented by (2-18) and those of an isotropic source (D = 1) are plotted two- and three- 
dimensionally in Figure 2.13(a,b). For the three-dimensional graphical representation 
of Figure 2.13(b), at each observation point only the largest value of the two directiv- 
ities is plotted. It is apparent that when sin ! (1/1.67)!? = 57.44? < 0 < 122.56°, the 
dipole radiator has greater directivity (greater intensity concentration) in those direc- 
tions than that of an isotropic source. Outside this range of angles, the isotropic radiator 
has higher directivity (more intense radiation). The maximum directivity of the dipole 
(relative to the isotropic radiator) occurs when 0 = 7/2, and it is 1.67 (or 2.23 dB) 
more intense than that of the isotropic radiator (with the same radiated power). 

The three-dimensional pattern of Figure 2.13(b), and similar ones, are included 
throughout the book to represent the three-dimensional radiation characteristics of 
antennas. These patterns are plotted using software developed in [2] and [3], and can 
be used to visualize the three-dimensional radiation pattern of the antenna. These 
three-dimensional programs, along with the others, can be used effectively toward the 
design and synthesis of antennas, especially arrays, as demonstrated in [7] and [8]. A 
MATLAB:-based program, designated as 3-D Spherical, is also included in the attached 
CD to produce similar plots. 

The directivity of an isotropic source is unity since its power is radiated equally 
well in all directions. For all other sources, the maximum directivity will always be 
greater than unity, and it is a relative “figure of merit” which gives an indication of the 
directional properties of the antenna as compared with those of an isotropic source. In 
equation form, this is indicated in (2-16a). The directivity can be smaller than unity; 
in fact it can be equal to zero. For Examples 2.5 and 2.6, the directivity is equal to 
zero in the 0 = 0 direction. The values of directivity will be equal to or greater than 
zero and equal to or less than the maximum directivity (0 < D < Do). 

A more general expression for the directivity can be developed to include sources 
with radiation patterns that may be functions of both spherical coordinate angles 0 
and @. In the previous examples we considered intensities that were represented by 
only one coordinate angle 0, in order not to obscure the fundamental concepts by the 
mathematical details. So it may now be proper, since the basic definitions have been 
illustrated by simple examples, to formulate the more general expressions. 

Let the radiation intensity of an antenna be of the form 


1 
U = BoF (0.4) = > [IES 0, p)? + ES C9. 9)" ] (2-19) 


where Bo is a constant, and EQ and ES are the antenna’s far-zone electric-field com- 
ponents. The maximum value of (2-19) is given by 


Umax = BoF (0, 9) max TES Bo Fyax(0, $) (2-192) 
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180° 


D = 1.67 sin? 6 


(b) Three-dimensional 


Figure 2.13 Two- and three-dimensional directivity patterns of a 4/2 dipole. (source: C. A. 
Balanis, “Antenna Theory: A Review.” Proc. IEEE, Vol. 80, No. 1. January 1992. © 1992 IEEE). 
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The total radiated power is found using 
2x x 
Pu = BUG, 9)d0 = Bo | / F(0, $) sin0 dé d$ (2-20) 
0 Jo 
Q 


We now write the general expression for the directivity and maximum directivity using 
(2-16) and (2-16a), respectively, as 


FO, 0) 


DO, p) = 42 — ————————— 
Í f F(6, $) sin0 d0 do (221) 
0 0 


" F(0, $)|lmax 
2x m 
i Í F(0, ġ) sin0 dé d$ G2) 
0 0 


Dy = 4 


Equation (2-22) can also be written as 


4r An 
Do mA ——————M———— M—————M— — 


2r nA (m j 
n i F (0, $) sine dé do| / 6.9. A (2-23) 
0 0 


where (2, is the beam solid angle, and it is given by 


1 2z m- f 2r m ] 
%= Ze | I FO, sine dodo = | Í F, (0, ) sind dé dp 
(2-24) 


| FO.¢) 
UE TO Ne ee) 


Dividing by F(6, @)|max merely normalizes the radiation intensity F(0, $), and it 
makes its maximum value unity. 

The beam solid angle Q4 is defined as the solid angle through which all the power of 
the antenna would flow if its radiation intensity is constant (and equal to the maximum 
value of U) for all angles within Q4. 


2.0.1 Directional Patterns 


Instead of using the exact expression of (2-23) to compute the directivity, it is often 
convenient to derive simpler expressions, even if they are approximate, to compute the 
directivity. These can also be used for design purposes. For antennas with one narrow 
major lobe and very negligible minor lobes, the beam solid angle is approximately equal 
to the product of the half-power beamwidths in two perpendicular planes [5] shown 
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x x 


(a) Nonsymmetrical pattern (b) Symmetrical pattern 


Figure 2.14 Beam solid angles for nonsymmetrical and symmetrical radiation patterns. 


in Figure 2.14(a). For a rotationally symmetric pattern, the half-power beamwidths in 
any two perpendicular planes are the same, as illustrated in Figure 2.14(b). 
With this approximation, (2-23) can be approximated by 


4x — An 


Do = (2-26) 


Qa = 1, 95, 


The beam solid angle $24 has been approximated by 


©), = half-power beamwidth in one plane (rad) 
O5, = half-power beamwidth in a plane at a right angle to the other (rad) 


where 


If the beamwidths are known in degrees, (2-26) can be written as 


m 4x (180/z)? _ 41,253 


iy See (2-27) 
I O14 Or O14054 


where 


Oqa = half-power beamwidth in one plane (degrees) 
O54 = half-power beamwidth in a plane at a right angle to the other (degrees) 


For planar arrays, a better approximation to (2-27) is [9] 


s 32,400 = 32,400 
^ Qa(degrees)? ^ @,g@oq (2-27a) 


0 
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The validity of (2-26) and (2-27) is based on a pattern that has only one major lobe 
and any minor lobes, if present, should be of very low intensity. For a pattern with 
two identical major lobes, the value of the maximum directivity using (2-26) or (2-27) 
will be twice its actual value. For patterns with significant minor lobes, the values of 
maximum directivity obtained using (2-26) or (2-27), which neglect any minor lobes, 
will usually be too high. 


Example 2.7 


The radiation intensity of the major lobe of many antennas can be adequately represented by 
U = Bo cos 0 
where Bo is the maximum radiation intensity. The radiation intensity exists only in the upper 


hemisphere (0 < 0 < 7/2, 0 < $ < 27), and it is shown in Figure 2.15. 
Find the 


a. beam solid angle; exact and approximate. 
b. maximum directivity; exact using (2-23) and approximate using (2-26). 


Solution: The half-power point of the pattern occurs at 0 = 60°. Thus the beamwidth in 
the 6 direction is 120° or 


M= 


x 


Figure 2.15 Radiation intensity pattern of the form U = cos in the upper hemisphere. 
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Since the pattern is independent of the @ coordinate, the beamwidth in the other plane is 


also equal to 


27 
©, = 73 


a. Beam solid angle Q4: 
Exact: Using (2-24), (2-25) 


360? 90° 2m pr/2 
z= f cosa = f i cos sin 0 d0 d$ 
0 0 o Jo 


20 z/2 
=| as f cos 0 sin 0 dO 
0 0 


n/2 /2 
= gr f cos 0 sin 0 d0 — x f sin(20) d0 = z steradians 
0 0 


Approximate: Using (2-26a) 


2x (2 Qn M? 
€24 ~ O-O; = — (=) = (=) = 4.386 steradians 


b. Directivity Do: 


4m 4r j . 
Exact: Do = ar ae 4 (dimensionless) = 6.02 dB 
T 
The same exact answer is obtained using (2-16a). 
4 4 
Approximate: Do ~ E = —— — 2.865 (dimensionless) — 4.57 dB 


The exact maximum directivity is 4 and its approximate value, using (2-26), is 2.865. Better 
approximations can be obtained if the patterns have much narrower beamwidths, which will 
be demonstrated later in this section. 


Many times it is desirable to express the directivity in decibels (dB) instead of dimen- 
sionless quantities. The expressions for converting the dimensionless quantities of 
directivity and maximum directivity to decibels (dB) are 


D(dB) = 101og;o[ D(dimensionless)] (2-28a) 
Do(dB) = 10 log,,[Do(dimensionless) ] (2-28b) 


It has also been proposed [10] that the maximum directivity of an antenna can also 
be obtained approximately by using the formula 


m3 (5. + x) ST 
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where 


1 ,, 161n2 


Ex 1 9,,/2 m 02 
zzl sin Ó «e| = 
0 


1 ., 161n2 


1 05/2 -o 
E sin 6 do| a 
0 


©), and GO», are the half-power beamwidths (in radians) of the E- and H-planes, 
respectively. The formula of (2-29) will be referred to as the arithmetic mean of the 
maximum directivity. Using (2-29a) and (2-29b) we can write (2-29) as 


(2-29a) 


D» (2-29b) 


32 2 a2 2 
EN ~ 1 o. 85. = 81. F 05, (2-30) 
Do 21n2 V 16 16 321n2 
Or 
321n2 22.181 Q-30 
(oe, s T iE pr DEED -30a) 
OT] 0L Of, +03 
22.181(180/7)? 72,815 
~ eA Z (2-30b) 


(^ 000540, 94-495 


where 8; and ©, are the half-power beamwidths in degrees. Equation (2-30a) is to 
be contrasted with (2-26) while (2-30b) should be compared with (2-27). 

In order to make an evaluation and comparison of the accuracies of (2-26) and 
(2-30a), examples whose radiation intensities (power patterns) can be represented by 


UO, $) = | Bocos” (0) 0x0-zm/2, 0< ¢<2r (2-31) 


0 elsewhere 


where n = 1 — 10, 11.28, 15, and 20 are considered. The maximum directivities were 
computed using (2-26) and (2-30a) and compared with the exact values as obtained 
using (2-23). The results are shown in Table 2.1. From the comparisons it is evident 
that the error due to Tai & Pereira’s formula is always negative (i.e., it predicts lower 
values of maximum directivity than the exact ones) and monotonically decreases as n 
increases (the pattern becomes more narrow). However, the error due to Kraus’ formula 
is negative for small values of n and positive for large values of n. For small values 
of n the error due to Kraus' formula is negative and positive for large values of n; the 
error is zero when n = 5.497 ~ 5.5 (half-power beamwidth of 56.35^). In addition, 
for symmetrically rotational patterns the absolute error due to the two approximate 
formulas is identical when n — 11.28, which corresponds to a half-power beamwidth 
of 39.77? . From these observations we conclude that, Kraus’ formula is more accurate 
for small values of n (broader patterns) while Tai & Pereira's is more accurate for large 
values of n (narrower patterns). Based on absolute error and symmetrically rotational 
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TABLE 2.1 Comparison of Exact and Approximate Values of Maximum Directivity for 
U = cos" 0 Power Patterns 


Exact Kraus Tai and Pereira 
Equation Equation Kraus Equation Tai and Pereira 
n (2-22) (2-26) % Error (2-30a) % Error 
1 4 2.86 —28.50 2.53 —36.75 
2 6 5.09 —15.27 4.49 —25.17 
3 8 7.35 —8.12 6.48 — 19.00 
4 10 9.61 —3.90 8.48 —15.20 
5 12 11.87 —1.08 10.47 —12.75 
6 14 14.13 +0.93 12.46 —11.00 
7 16 16.39 +2.48 14.47 —9.56 
8 18 18.66 +3.68 16.47 —8.50 
9 20 20.93 +4.64 18.47 —7.65 
10 22 23.19 +5.41 20.47 —6.96 
11.28 24.56 26.08 +6.24 23.02 —6.24 
15 32 34.52 +7.88 30.46 —4.81 
20 42 45.89 +9.26 40.46 —3.67 


patterns, Kraus’ formula leads to smaller error for n < 11.28 (half-power beamwidth 
greater than 39.77°) while Tai & Pereira’s leads to smaller error for n > 11.28 (half- 
power beamwidth smaller than 39.77°). The results are shown plotted in Figure 2.16 
for 0 < n < 450. 


2.6.2 Omnidirectional Patterns 


Some antennas (such as dipoles, loops, broadside arrays) exhibit omnidirectional pat- 
terns, as illustrated by the three-dimensional patterns in Figure 2.17 (a,b). As single- 
lobe directional patterns can be approximated by (2-31), omnidirectional patterns can 
often be approximated by 


U = |si" (| O<O0<z2, 0<$<27 (2-32) 


where n represents both integer and noninteger values. The directivity of antennas with 
patterns represented by (2-32) can be determined in closed from using the definition of 
(2-16a). However, as was done for the single-lobe patterns of Figure 2.14, approximate 
directivity formulas have been derived [11], [12] for antennas with omnidirectional 
patterns similar to the ones shown in Figure 2.17 whose main lobe is approximated by 
(2-32). The approximate directivity formula for an omnidirectional pattern as a function 
of the pattern half-power beamwidth (in degrees), which is reported by McDonald 
in [11], was derived based on the array factor of a broadside collinear array [see 
Section 6.4.1 and (6-38a)] and is given by 


101 


SS 2-33a 
HPBW (degrees) — 0.0027 [HPBW (degrees) ( ) 


Do 
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1000 ~ 


30.00 


l= Ld 
900 D, (exact) ^ 29.54 


800-  —-— Do (Kraus)(Eq. 2-26) 27 -| 29.03 
L -——7 D, (Tai & Pereira)(Eq. 2-30a) ji 


-]28.45 
127.78 
-] 26.99 


-]26.02 


Directivity D, (dB) 


-J 24.77 


Directivity D, (dimensionless) 


+ 23.01 


-] 20.00 


180.0 19.0 13.5 11.0 9.5 8.5 7.8 7.2 6.7 6.4 
HPBW (degrees) 


Figure 2.16 Comparison of exact and approximate values of directivity for directional 
U — cos" 0 power patterns. 


J—j. 
onan 71-1 
MOSS Y LOL 
9999. = LLZ LLL 
SC LE 
d 


(a) With minor lobes 


(b) Without minor lobes 


Figure 2.17 Omnidirectional patterns with and without minor lobes. 
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However, that reported by Pozar in [12] is derived based on the exact values obtained 
using (2-32) and then representing the data in closed-form using curve-fitting, and it 


is given by 
Do > —172.4 + 191,/0.818 + 1/HPBW (degrees) (2-33b) 


The approximate formula of (2-33a) should, in general, be more accurate for omnidi- 
rectional patterns with minor lobes, as shown in Figure 2.17(a), while (2-33b) should 
be more accurate for omnidirectional patterns with minor lobes of very low intensity 
(ideally no minor lobes), as shown in Figure 2.17(b). 

The approximate formulas of (2-33a) and (2-33b) can be used to design omni- 
directional antennas with specified radiation pattern characteristics. To facilitate this 
procedure, the directivity of antennas with omnidirectional patterns approximated by 
(2-32) is plotted in Figure 2.18 versus n and the half-power beamwidth (in degrees). 
Three curves are plotted in Figure 2.18; one using (2-16a) and referred as exact, one 
using (2-33a) and denoted as McDonald, and the third using (2-33b) and denoted as 
Pozar. Thus, the curves of Figure 2.18 can be used for design purposes, as follows: 


a. Specify the desired directivity and determine the value of n and half-power 
beamwidth of the omnidirectional antenna pattern, or 


b. Specify the desired value of n or half-power beamwidth and determine the direc- 
tivity of the omnidirectional antenna pattern. 


To demonstrate the procedure, an example is taken. 


20 30.01 


—— D, (exact) 
Gb. CE D, (McDonald)(Eq.2-33a) 
L --- D, (Pozar)(Eq. 2-33b) 


U - sin" 8 


Directivity D, (dimensionless) 
o 
i 
S 
2 
5 
Directivity D, (dB) 


8 +| 9.03 
6 1578 
4 d 6.02 
2 43.01 
0 j 

0 50 100 150 200 250 300 350 400 450 


| | | 
180.0 19.0 13.5 11.0 9.5 8.5 7.8 dee 6.7 6.4 


HPBW (degrees) 


Figure 2.18 Comparison of exact and approximate values of directivity for omnidirectional 
U = sin" 0 power patterns. 
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Example 2.8 


Design an antenna with omnidirectional amplitude pattern with a half-power beamwidth of 
90°. Express its radiation intensity by U = sin" 0. Determine the value of n and attempt to 
identify elements that exhibit such a pattern. Determine the directivity of the antenna using 
(2-16a), (2-33a), and (2-33b). 

Solution: Since the half-power beamwidth is 90°, the angle at which the half-power point 
occurs is 0 = 45°. Thus 


U(6 = 45°) = 0.5 = sin" (45^) = (0.707)" 


DE 


Therefore, the radiation intensity of the omnidirectional antenna is represented by U — sin? 0. 
An infinitesimal dipole (see Chapter 4) or a small circular loop (see Chapter 5) are two 
antennas which possess such a pattern. 

Using the definition of (2-16a), the exact directivity is 


Umax = 1 


2n m ae i 8r 
Prad = sin“ 0 sin dé dọ = — 
0 Jo 3 
4r 


Sue MeL iain 
87/3 2 


0 
Since the half-power beamwidth is equal to 90°, then the directivity based on (2-33a) is 
equal to 
101 


Do = ———_, 
90 — 0.0027(90) 


= 1.4825 = 1.71 dB 


while that based on (2-33b) is equal to 


Do = — 172.4 + 191,/0.818 + 1/90 = 1.516 = 1.807 dB 


The value of n and the three values of the directivity can also be obtained using Figure 2.18, 
although they may not be as accurate as those given above because they have to be taken 
off the graph. However, the curves can be used for other problems. 


2.7 NUMERICAL TECHNIQUES 


For most practical antennas, their radiation patterns are so complex that closed-form 
mathematical expressions are not available. Even in those cases where expressions 
are available, their form is so complex that integration to find the radiated power, 
required to compute the maximum directivity, cannot be performed. Instead of using 
the approximate expressions of Kraus, Tai and Pereira, McDonald, or Pozar alternate 
and more accurate techniques may be desirable. With the high-speed computer systems 
now available, the answer may be to apply numerical methods. 
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Let us assume that the radiation intensity of a given antenna is separable, and it is 
given by 

U = Bof @)g() (2-34) 


where Bo is a constant. The directivity for such a system is given by 


47t Umax 
Dya ——— 2-35 
0 Pa ( ) 
where " 
Paad = Bo f u f (@)g(@) sin0 ao} do (2-36) 
0 0 
which can also be written as 
2x m 
Paa = Bo I g) | f f @) sind do) dó (2-37) 
0 0 


If the integrations in (2-37) cannot be performed analytically, then from integral 
calculus we can write a series approximation 


x N 
Í f (0) sind dd = XIS (6) sin6;]A6; (2-38) 
0 


i=1 


For N uniform divisions over the z interval, 
A0; = — (2-38a) 


Referring to Figure 2.19, 0; can take many different forms. Two schemes are shown 
in Figure 2.19 such that 


(T ; 
a =i ($) S19 035.2 (2-38b) 

or r = 
a E (2-380) 


In the former case, 6; is taken at the trailing edge of each division; in the latter case, 
0; is selected at the middle of each division. The scheme that is more desirable will 
depend upon the problem under investigation. Many other schemes are available. 

In a similar manner, we can write for the @ variations that 


2x M 
f g(p)de — Y s(6) ^6; (2-39) 
0 


j=l 
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0; (Eq. 2-38c) 
6; (Eq. 2-38b) 


$j (Eq. 2-39c) 


6j (Eq. 2-39b) 


Figure 2.19 Digitization scheme of pattern in spherical coordinates. 


where for M uniform divisions 


ia (2-39a) 
Mei cols -39a 
7^ M 
Again referring to Figure 2.19 
pa prn] no. M (2-39b) 
jJ M £ J= $ y ae 40S 
or , 
T m 
= — i — 1) — j= 1,2,3,...,M 2- 
OF 2M F uj un J , £33 , ( 39c) 


Combining (2-38), (2-382), (2-39), and (2-39a) we can write (2-37) as 


M 


N 
Pas = Bo (=) (>) fy bs f) sna || (2-40) 


j=l 


The double summation of (2-40) is performed by adding for each value of j(j = 
1,2, 3,..., M) all values of i(i = 1,2,3,..., N). In a computer program flowchart, 
this can be performed by a loop within a loop. Physically, (2-40) can be inter- 
preted by referring to Figure 2.19. It simply states that for each value of g($) at 
the azimuthal angle $ = $;, the values of f(0)sinO0 are added for all values of 
0 — 6;(i = 1,2, 3,..., N). The values of 6; and $; can be determined by using either 
of the forms as given by (2-38b) or (2-38c) and (2-39b) or (2-39c). 
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Since the 0 and $ variations are separable, (2-40) can also be written as 


M N 
Paa = Bo (=) (=) Ds) [E resna] (2-41) 


in which case each summation can be performed separately. 
If the 6 and $ variations are not separable, and the radiation intensity is given by 


U = BoF (6, $) (2-42) 


the digital form of the radiated power can be written as 


M 


N 
Pug = Bo (7) (=) M. p F(60;, pj) sin «| (2-43) 


j=l Lisl 


6; and @; take different forms, two of which were introduced and are shown pictorially 
in Figure 2.19. The evaluation and physical interpretation of (2-43) is similar to that 
of (2-40). 

To examine the accuracy of the technique, two examples will be considered. 


Example 2.9(a) 


The radiation intensity of an antenna is given by 


Bosinósió, 0<0<m, << 


(0) elsewhere 


ve.s =| 


The three-dimensional pattern of U (0, $) is shown in Figure 2.20. 

Determine the maximum directivity numerically by using (2-41) with 6; and $; of 
(2-38b) and (2-39b), respectively. Compare it with the exact value. 

Solution: Let us divide the 0 and ¢ intervals each into 18 equals segments (V = M = 18). 
Since 0 < @ < x, then Ad; = x/M and (2-41) reduces to 


aw a 2 2 z 
Pal Bs = 2 sin? $; [x sin? «| 
with 
8 =i (=) =100, PCS 
0) = i (15) = 400%, Grades 


62 FUNDAMENTAL PARAMETERS OF ANTENNAS 


B, sin (0) sin? ($) . SASH 


0xotzsz 
0 


Elsewhere 


Figure 2.20 Three-dimensional pattern of the radiation of Examples 2.9(a,b). 


Thus 


D 
Dn (=) [sin2(10°) + sin2(20°) + - - - + sin? (180^)? 


Pig = Bo (=) (9)? = Bo (=) 


LUE NNI: 
eS Spe a 


and 


The exact value is given by 


P, = By [ sin? odo [ sintodo = > (Z) B Euri 
rad — PO ^ A ~ 5 2 gis 4 0 


and 


which is the same as the value obtained numerically! 
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Example 2.9(b) 


Given the same radiation intensity as that in Example 2.9(a), determine the directivity using 
(2-41) with 0; and $; of (2-38c) and (2-39c). 
Solution: Again using 18 divisions in each interval, we can write (2-41) as 


with 
0; = F—1L25-G-110, i=1,2,3 18 
COSE í 18 ae as T IE 
o;= GG -)— =5°+ (j -1)10° MS 18 
J 36 ! y 18 im C , Jj QUELLE) gue 


Because of the symmetry of the divisions about the 0 = 2/2 and $ = x/2 angles, we 
can write 


9 9 
7 \2 a. NO. 
JE. va mm dg (5) Lom oj Dx «| 
j= i= 
2 
pon (=) A[sin? (5^) + sin2(15°) + - - - + sin? (85)? 


Paa = Bo (=) 445) EOS (=) (81) = Bo (=) 


which is identical to that of the previous example. Thus 


mr we G 
JT 


which again is equal to the exact value! 


It is interesting to note that decreasing the number of divisions (M and/or N) to 9, 6, 
4, and even 2 leads to the same answer, which also happens to be the exact value! 
To demonstrate as to why the number of divisions does not affect the answer for 
this pattern, let us refer to Figure 2.21 where we have plotted the sin? $ function and 
divided the 0° « $ < 180° interval into six divisions. The exact value of the directivity 
uses the area under the solid curve. Doing the problem numerically, we find the area 
under the rectangles, which is shown shaded. Because of the symmetrical nature of the 
function, it can be shown that the shaded area in section #1 (included in the numerical 
evaluation) is equal to the blank area in section #1’ (left out by the numerical method). 
The same is true for the areas in sections #2 and #2’, and #3 and #3’. Thus, there 
is a one-to-one compensation. Similar justification is applicable for the other number 
of divisions. 
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Figure 2.21 Digitized form of sin? ¢ function. 


It should be emphasized that all functions, even though they may contain some 
symmetry, do not give the same answers independent of the number of divisions. As a 
matter of fact, in most cases the answer only approaches the exact value as the number 
of divisions is increased to a large number. 

A MATLAB and FORTRAN computer program called Directivity has been devel- 
oped to compute the maximum directivity of any antenna whose radiation intensity 
is U = F(0,$) based on the formulation of (2-43). The intensity function F does 
not have to be a function of both 0 and $. The numerical evaluations are made at 
the trailing edge, as defined by (2-38b) and (2-39b). The program is included in the 
attached CD. It contains a subroutine for which the intensity factor U = F(0, $) for 
the required application must be specified by the user. As an illustration, the antenna 
intensity U = sin 8 sin? $ has been inserted in the subroutine. In addition, the upper 
and lower limits of 0 and $ must be specified for each application of the same pattern. 


2.8 ANTENNA EFFICIENCY 


Associated with an antenna are a number of efficiencies and can be defined using 
Figure 2.22. The total antenna efficiency eg is used to take into account losses at 
the input terminals and within the structure of the antenna. Such losses may be due, 
referring to Figure 2.22(b), to 


1. reflections because of the mismatch between the transmission line and the antenna 
2. I? R losses (conduction and dielectric) 
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Figure 2.22 Reference terminals and losses of an antenna. 


In general, the overall efficiency can be written as 


eo = total efficiency (dimensionless) 
e, = reflection (mismatch) efficiency = (1 — ||?) (dimensionless) 
e, = conduction efficiency (dimensionless) 
eq = dielectric efficiency (dimensionless) 
I = voltage reflection coefficient at the input terminals of the antenna 
[T = (Zin — Zo)/(Zin + Zo) where Zi, = antenna input impedance, 
Zo = characteristic impedance of the transmission line] 
1+ |P| 
1—|P| 
Usually e. and eg are very difficult to compute, but they can be determined exper- 
imentally. Even by measurements they cannot be separated, and it is usually more 
convenient to write (2-44) as 


where 


VSWR = voltage standing wave ratio = 


2 
eo = eje; = eca (1 — |T |^) (2-45) 
where eca = eceq = antenna radiation efficiency, which is used to relate the gain and 


directivity. 


2.9 GAIN 


Another useful measure describing the performance of an antenna is the gain. Although 
the gain of the antenna is closely related to the directivity, it is a measure that takes into 
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account the efficiency of the antenna as well as its directional capabilities. Remember 
that directivity is a measure that describes only the directional properties of the antenna, 
and it is therefore controlled only by the pattern. 

Gain of an antenna (in a given direction) is defined as “the ratio of the intensity, in a 
given direction, to the radiation intensity that would be obtained if the power accepted 
by the antenna were radiated isotropically. The radiation intensity corresponding to 
the isotropically radiated power is equal to the power accepted (input) by the antenna 
divided by 4x.” In equation form this can be expressed as 


radiation intensity D U (0, Q) 


Gain — 4 (dimensionless) — (2-46) 


x total input (accepted) power P, 

In most cases we deal with relative gain, which is defined as “the ratio of the 
power gain in a given direction to the power gain of a reference antenna in its refer- 
enced direction." The power input must be the same for both antennas. The reference 
antenna is usually a dipole, horn, or any other antenna whose gain can be calculated 
or it is known. In most cases, however, the reference antenna is a lossless isotropic 
source. Thus 


4x U (0, $) 


= ———————————————— (dimensionless) (2-46a) 
Pi, (lossless isotropic source) 


When the direction is not stated, the power gain is usually taken in the direction of 
maximum radiation. 

Referring to Figure 2.22(a), we can write that the total radiated power (Praq) is 
related to the total input power (Pin) by 


Pag = eca Pin (2-47) 


where e,4 is the antenna radiation efficiency (dimensionless) which is defined in (2-44), 
(2-45) and Section 2.14 by (2-90). According to the IEEE Standards, “gain does not 
include losses arising from impedance mismatches (reflection losses) and polarization 
mismatches (losses).”” 

In this edition of the book we define two gains; one, referred to as gain (G), 
and the other, referred to as absolute gain (Gaps), that also takes into account the 
reflection/mismatch losses represented in both (2-44) and (2-45). 

Using (2-47) reduces (2-46a) to 


(2-48) 


G(0, $) = eca |a ES 2| 


rad 


which is related to the directivity of (2-16) and (2-21) by 


G(0, $) = eca DO, $) (2-49) 


In a similar manner, the maximum value of the gain is related to the maximum direc- 
tivity of (2-16a) and (2-23) by 


| DEED BEEN T EPEEES (2-49a) 
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While (2-47) does take into account the losses of the antenna element itself, it does 
not take into account the losses when the antenna element is connected to a transmis- 
sion line, as shown in Figure 2.22. These connection losses are usually referred to as 
reflections (mismatch) losses, and they are taken into account by introducing a reflec- 
tion (mismatch) efficiency e,, which is related to the reflection coefficient as shown in 
(2-45) or e, = (1 — |T |2). Thus, we can introduce an absolute gain Gaps that takes into 
account the reflection/mismatch losses (due to the connection of the antenna element 
to the transmission line), and it can be written as 


Gas (0, $) = er GO, $) = (1 — ITAGO, $) 


(2-49b) 
= e,eaq D(0, $) = e,D(0, $) 


where e, is the overall efficiency as defined in (2-44), (2-45). Similarly, the maximum 
absolute gain Gogps of (2-49a) is related to the maximum directivity Do by 


= Gavs (0, b) max = &r GO, )lma = (1 — IT[)G(0, b)|max 
(2-49c) 


= ereca D(0, )| max = eo D(0, 9) max = eg Do 


If the antenna is matched to the transmission line, that is, the antenna input impedance 
Zin is equal to the characteristic impedance Z. of the line (|T| = 0), then the two gains 
are equal (Gaps = G). 

As was done with the directivity, we can define the partial gain of an antenna 
for a given polarization in a given direction as “that part of the radiation intensity 
corresponding to a given polarization divided by the total radiation intensity that would 
be obtained if the power accepted by the antenna were radiated isotropically.” With this 
definition for the partial gain, then, in a given direction, “the total gain is the sum of the 
partial gains for any two orthogonal polarizations.” For a spherical coordinate system, 
the total maximum gain Go for the orthogonal 0 and $ components of an antenna can 
be written, in a similar form as was the maximum directivity in (2-17)—(2-17b), as 


Go = Go + Gg (2-50) 


while the partial gains Go and Gg are expressed as 


Ax U, 
G28 (2-50a) 
Pi 
Ax U, 
C= Tx (2-50b) 


where 


Us = radiation intensity in a given direction contained in E, field component 
Uy = radiation intensity in a given direction contained in E, field component 
Pj, — total input (accepted) power 
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For many practical antennas an approximate formula for the gain, corresponding to 
(2-27) or (2-27a) for the directivity, is 


(2-51) 


In practice, whenever the term “gain” is used, it usually refers to the maximum gain 
as defined by (2-49a) or (2-49c). 

Usually the gain is given in terms of decibels instead of the dimensionless quantity 
of (2-49a). The conversion formula is given by 


Go(dB) = 10log;o[eca Do (dimensionless) ] (2-52) 


Example 2.10 


A lossless resonant half-wavelength dipole antenna, with input impedance of 73 ohms, is 
connected to a transmission line whose characteristic impedance is 50 ohms. Assuming that 
the pattern of the antenna is given approximately by 


U = Bo sin? 0 


find the maximum absolute gain of this antenna. 
Solution: Let us first compute the maximum directivity of the antenna. For this 


U |max = Umax = Bo 


Qn pr E 3x7 
eel = f f U (0, $) sin0 d0 dọ = 25 | sinf 0 d0 = Bo (=) 
0 0 0 


max 1 
E E ue = 1.697 


Do = 4x 
3 Pad 3m 


Since the antenna was stated to be lossless, then the radiation efficiency eca = 1. 
Thus, the total maximum gain is equal to 


Go = eca Do = 111.697) = 1.697 
Go(dB) = 101log,)(1.697) = 2.297 


which is identical to the directivity because the antenna is lossless. 

There is another loss factor which is not taken into account in the gain. That is the loss 
due to reflection or mismatch losses between the antenna (load) and the transmission line. 
This loss is accounted for by the reflection efficiency of (2-44) or (2-45), and it is equal to 


er (1 n»-( | 


e, (dB) = 1010g,,(0.965) = —0.155 
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Therefore the overall efficiency is 
eo = eje = 0.965 
eo(dB) = —0.155 
Thus, the overall losses are equal to 0.155 dB. The absolute gain is equal to 


Goabs = eo Do = 0.965(1.697) = 1.6376 
Goabs (dB) = 10 log;)(1.6376) = 2.142 
The gain in dB can also be obtained by converting the directivity and radiation efficiency 
in dB and then adding them. Thus, 
eca (dB) = 10 log;)(1.0) = 0 
Do (dB) = 101log,)(1.697) = 2.297 
Go(dB) = eca (dB) + Do(dB) = 2.297 


which is the same as obtained previously. The same procedure can be used for the absolute 
gain. 


2.10 BEAM EFFICIENCY 


Another parameter that is frequently used to judge the quality of transmitting and 
receiving antennas is the beam efficiency. For an antenna with its major lobe directed 
along the z-axis (0 = 0), as shown in Figure 2.1(a), the beam efficiency (BE) is 
defined by 


power transmitted (received) within cone angle 6, 


BE (dimensionless) (2-53) 


power transmitted (received) by the antenna 


where 0; is the half-angle of the cone within which the percentage of the total power 
is to be found. Equation (2-53) can be written as 


2x ĝi 
/ ji U (0, Q) sind do d$ 
E229 979 5 000 
2r T 
f / U (0, Q) sino d0 d$ 
0 0 


If 6; is chosen as the angle where the first null or minimum occurs (see Figure 2.1), then 
the beam efficiency will indicate the amount of power in the major lobe compared to 
the total power. A very high beam efficiency (between the nulls or minimums), usually 
in the high 90s, is necessary for antennas used in radiometry, astronomy, radar, and 
other applications where received signals through the minor lobes must be minimized. 
The beam efficiencies of some typical rectangular and circular aperture antennas will 
be discussed in Chapter 12. 


B (2-54) 
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2.11 BANDWIDTH 


The bandwidth of an antenna is defined as “the range of frequencies within which the 
performance of the antenna, with respect to some characteristic, conforms to a specified 
standard.” The bandwidth can be considered to be the range of frequencies, on either 
side of a center frequency (usually the resonance frequency for a dipole), where the 
antenna characteristics (such as input impedance, pattern, beamwidth, polarization, side 
lobe level, gain, beam direction, radiation efficiency) are within an acceptable value 
of those at the center frequency. For broadband antennas, the bandwidth is usually 
expressed as the ratio of the upper-to-lower frequencies of acceptable operation. For 
example, a 10:1 bandwidth indicates that the upper frequency is 10 times greater than 
the lower. For narrowband antennas, the bandwidth is expressed as a percentage of the 
frequency difference (upper minus lower) over the center frequency of the bandwidth. 
For example, a 5% bandwidth indicates that the frequency difference of acceptable 
operation is 5% of the center frequency of the bandwidth. 

Because the characteristics (input impedance, pattern, gain, polarization, etc.) of an 
antenna do not necessarily vary in the same manner or are even critically affected by 
the frequency, there is no unique characterization of the bandwidth. The specifications 
are set in each case to meet the needs of the particular application. Usually there is a 
distinction made between pattern and input impedance variations. Accordingly pattern 
bandwidth and impedance bandwidth are used to emphasize this distinction. Associated 
with pattern bandwidth are gain, side lobe level, beamwidth, polarization, and beam 
direction while input impedance and radiation efficiency are related to impedance 
bandwidth. For example, the pattern of a linear dipole with overall length less than 
a half-wavelength (J < 4/2) is insensitive to frequency. The limiting factor for this 
antenna is its impedance, and its bandwidth can be formulated in terms of the Q. The 
Q of antennas or arrays with dimensions large compared to the wavelength, excluding 
superdirective designs, is near unity. Therefore the bandwidth is usually formulated in 
terms of beamwidth, side lobe level, and pattern characteristics. For intermediate length 
antennas, the bandwidth may be limited by either pattern or impedance variations, 
depending upon the particular application. For these antennas, a 2:1 bandwidth indicates 
a good design. For others, large bandwidths are needed. Antennas with very large 
bandwidths (like 40:1 or greater) have been designed in recent years. These are known 
as frequency independent antennas, and they are discussed in Chapter 11. 

The above discussion presumes that the coupling networks (transformers, baluns, 
etc.) and/or the dimensions of the antenna are not altered in any manner as the frequency 
is changed. It is possible to increase the acceptable frequency range of a narrowband 
antenna if proper adjustments can be made on the critical dimensions of the antenna 
and/or on the coupling networks as the frequency is changed. Although not an easy 
or possible task in general, there are applications where this can be accomplished. 
The most common examples are the antenna of a car radio and the “rabbit ears” of a 
television. Both usually have adjustable lengths which can be used to tune the antenna 
for better reception. 


2.12 POLARIZATION 


Polarization of an antenna in a given direction is defined as “the polarization of the 
wave transmitted (radiated) by the antenna. Note: When the direction is not stated, 
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the polarization is taken to be the polarization in the direction of maximum gain.” In 
practice, polarization of the radiated energy varies with the direction from the center 
of the antenna, so that different parts of the pattern may have different polarizations. 

Polarization of a radiated wave is defined as “that property of an electromagnetic 
wave describing the time-varying direction and relative magnitude of the electric-field 
vector; specifically, the figure traced as a function of time by the extremity of the 
vector at a fixed location in space, and the sense in which it is traced, as observed 
along the direction of propagation.” Polarization then is the curve traced by the end 
point of the arrow (vector) representing the instantaneous electric field. The field must 
be observed along the direction of propagation. A typical trace as a function of time 
is shown in Figures 2.23(a) and (b). 


Major axis Minor axis 


(b) Polarization ellipse 


Figure 2.23 Rotation of a plane electromagnetic wave and its polarization ellipse at z = 0 as 
a function of time. 
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The polarization of a wave can be defined in terms of a wave radiated (transmitted) 
or received by an antenna in a given direction. The polarization of a wave radiated 
by an antenna in a specified direction at a point in the far field is defined as “the 
polarization of the (locally) plane wave which is used to represent the radiated wave 
at that point. At any point in the far field of an antenna the radiated wave can be 
represented by a plane wave whose electric-field strength is the same as that of the 
wave and whose direction of propagation is in the radial direction from the antenna. As 
the radial distance approaches infinity, the radius of curvature of the radiated wave’s 
phase front also approaches infinity and thus in any specified direction the wave appears 
locally as a plane wave.” This is a far-field characteristic of waves radiated by all 
practical antennas, and it is illustrated analytically in Section 3.6 of Chapter 3. The 
polarization of a wave received by an antenna is defined as the “polarization of a 
plane wave, incident from a given direction and having a given power flux density, 
which results in maximum available power at the antenna terminals.” 

Polarization may be classified as linear, circular, or elliptical. If the vector that 
describes the electric field at a point in space as a function of time is always directed 
along a line, the field is said to be linearly polarized. In general, however, the figure 
that the electric field traces is an ellipse, and the field is said to be elliptically polarized. 
Linear and circular polarizations are special cases of elliptical, and they can be obtained 
when the ellipse becomes a straight line or a circle, respectively. The figure of the elec- 
tric field is traced in a clockwise (CW) or counterclockwise (CCW) sense. Clockwise 
rotation of the electric-field vector is also designated as right-hand polarization and 
counterclockwise as left-hand polarization. 

In general, the polarization characteristics of an antenna can be represented by its 
polarization pattern whose one definition is “the spatial distribution of the polarizations 
of a field vector excited (radiated) by an antenna taken over its radiation sphere. When 
describing the polarizations over the radiation sphere, or portion of it, reference lines 
shall be specified over the sphere, in order to measure the tilt angles (see tilt angle) of the 
polarization ellipses and the direction of polarization for linear polarizations. An obvious 
choice, though by no means the only one, is a family of lines tangent at each point on 
the sphere to either the 0 or $ coordinate line associated with a spherical coordinate 
system of the radiation sphere. At each point on the radiation sphere the polarization is 
usually resolved into a pair of orthogonal polarizations, the co-polarization and cross 
polarization. To accomplish this, the co-polarization must be specified at each point on 
the radiation sphere." *Co-polarization represents the polarization the antenna is intended 
to radiate (receive) while cross-polarization represents the polarization orthogonal to a 
specified polarization, which is usually the co-polarization.” 

“For certain linearly polarized antennas, it is common practice to define the co- 
polarization in the following manner: First specify the orientation of the co-polar 
electric-field vector at a pole of the radiation sphere. Then, for all other directions 
of interest (points on the radiation sphere), require that the angle that the co-polar 
electric-field vector makes with each great circle line through the pole remain constant 
over that circle, the angle being that at the pole." 

“In practice, the axis of the antenna’ s main beam should be directed along the polar axis 
of the radiation sphere. The antenna is then appropriately oriented about this axis to align 
the direction of its polarization with that of the defined co-polarization at the pole.” “This 
manner of defining co-polarization can be extended to the case of elliptical polarization 
by defining the constant angles using the major axes of the polarization ellipses rather 
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than the co-polar electric-field vector. The sense of polarization (rotation) must also be 
specified.” 

The polarization of the wave radiated by the antenna can also be represented on 
the Poincaré sphere [13]—[16]. Each point on the Poincaré sphere represents a unique 
polarization. The north pole represents left circular polarization, the south pole rep- 
resents right circular, and points along the equator represent linear polarization of 
different tilt angles. All other points on the Poincaré sphere represent elliptical polar- 
ization. For details, see Figure 17.24 of Chapter 17. 

The polarization of an antenna is measured using techniques described in Chapter 17. 


2.12.1 Linear, Circular, and Elliptical Polarizations 


The instantaneous field of a plane wave, traveling in the negative z direction, can be 
written as 
$(z;t) = à, 6. (zt) + à, 6, (zt) (2-55) 


According to (2-5), the instantaneous components are related to their complex coun- 
terparts by 


€, (zt) = Re[E, e/ 61112] = Re[E,,e/ ®t] 


= Exo cos(wt + kz + dy) (2-56) 
Ey; t) = Re E, cel e| = Ree en) 
= Ey,cos(ot + kz + gy) (2-57) 


where E,, and E,, are, respectively, the maximum magnitudes of the x and y com- 
ponents. 


A. Linear Polarization 
For the wave to have linear polarization, the time-phase difference between the two 
components must be 


A -6,—$,—mt n=0,1,2,3,... (2-58) 


B. Circular Polarization 

Circular polarization can be achieved only when the magnitudes of the two components 
are the same and the time-phase difference between them is odd multiples of 7/2. 
That is, 


[él = IS, | > Exo = Ey, (2-59) 
+G +2n)x,n =0,1,2,... for CW (2-60) 

Ag = by — bx = : 
—($+2n)x,n=0,1,2,... for CCW (2-61) 


If the direction of wave propagation is reversed (i.e., +z direction), the phases in (2-60) 
and (2-61) for CW and CCW rotation must be interchanged. 


C. Elliptical Polarization 
Elliptical polarization can be attained only when the time-phase difference between 
the two components is odd multiples of 7/2 and their magnitudes are not the same or 
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when the time-phase difference between the two components is not equal to multiples 
of 2/2 (irrespective of their magnitudes). That is, 


Ekl F [y| > Exo F Eyo 


when A$ = p, -—¢, = [ +(§+2n)x for CW (2-62a) 
n=0,1,2,... | —(44+2n)x for CCW (2-62b) 

or 
Ad = by — d. Ż tom E: | >0 for CW (2-63) 
n=0,1,2,3,... («0 for CCW (2-64) 


For elliptical polarization, the curve traced at a given position as a function of time 
is, in general, a tilted ellipse, as shown in Figure 2.23(b). The ratio of the major axis 
to the minor axis is referred to as the axial ratio (AR), and it is equal to 


major axis OA 


AR = 1< AR <œ (2-65) 


minor axis OB’ 


where 
OA =[}{E2, + E2, + [E*, + E4, + 2E2,E2, cosQAQ)]?]] ^ (2-66) 
OB = [}{E2, + E2, — [E*, + E4, + 2E2,E2, cos(2A@)]"7}]"" (2-67) 


The tilt of the ellipse, relative to the y axis, is represented by the angle t given by 
mo 1 T» 2E,, Ey, (Ad) (2-68) 
t= —— -tan | ——— cos - 
2s 42 E2, — E; 
When the ellipse is aligned with the principal axes [t = nz /2, n = 0, 1,2, ...], the 
major (minor) axis is equal to Ey (Ey) or Eyo(Exo) and the axial ratio is equal to 
Exo/Eyo or Eyo/ Exo. 


SUMMARY 


We will summarize the preceding discussion on polarization by stating the general 
characteristics, and the necessary and sufficient conditions that the wave must have in 
order to possess linear, circular or elliptical polarization. 


Linear Polarization A time-harmonic wave is linearly polarized at a given point 
in space if the electric-field (or magnetic-field) vector at that point is always oriented 
along the same straight line at every instant of time. This is accomplished if the field 
vector (electric or magnetic) possesses: 


a. Only one component, or 


b. Two orthogonal linear components that are in time phase or 180° (or multiples 
of 180°) out-of-phase. 
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Circular Polarization A time-harmonic wave is circularly polarized at a given point 
in space if the electric (or magnetic) field vector at that point traces a circle as a function 
of time. 

The necessary and sufficient conditions to accomplish this are if the field vector 
(electric or magnetic) possesses all of the following: 


a. The field must have two orthogonal linear components, and 
b. The two components must have the same magnitude, and 
c. The two components must have a time-phase difference of odd multiples of 90°. 


The sense of rotation is always determined by rotating the phase-leading component 
toward the phase-lagging component and observing the field rotation as the wave is 
viewed as it travels away from the observer. If the rotation is clockwise, the wave 
is right-hand (or clockwise) circularly polarized; if the rotation is counterclockwise, 
the wave is left-hand (or counterclockwise) circularly polarized. The rotation of the 
phase-leading component toward the phase-lagging component should be done along 
the angular separation between the two components that is less than 180°. Phases equal 
to or greater than 0° and less than 180° should be considered leading whereas those 
equal to or greater than 180° and less than 360° should be considered lagging. 


Elliptical Polarization A time-harmonic wave is elliptically polarized if the tip of the 
field vector (electric or magnetic) traces an elliptical locus in space. At various instants 
of time the field vector changes continuously with time at such a manner as to describe 
an elliptical locus. It is right-hand (clockwise) elliptically polarized if the field vector 
rotates clockwise, and it is left-hand (counterclockwise) elliptically polarized if the field 
vector of the ellipse rotates counterclockwise [13]. The sense of rotation is determined 
using the same rules as for the circular polarization. In addition to the sense of rotation, 
elliptically polarized waves are also specified by their axial ratio whose magnitude is 
the ratio of the major to the minor axis. 

A wave is elliptically polarized if it is not linearly or circularly polarized. Although 
linear and circular polarizations are special cases of elliptical, usually in practice ellip- 
tical polarization refers to other than linear or circular. The necessary and sufficient 
conditions to accomplish this are if the field vector (electric or magnetic) possesses all 
of the following: 


a. The field must have two orthogonal linear components, and 
b. The two components can be of the same or different magnitude. 


c. (1) If the two components are not of the same magnitude, the time-phase differ- 
ence between the two components must not be 0^ or multiples of 180° (because 
it will then be linear). (2) If the two components are of the same magnitude, the 
time-phase difference between the two components must not be odd multiples of 
90° (because it will then be circular). 


If the wave is elliptically polarized with two components not of the same magnitude 
but with odd multiples of 90° time-phase difference, the polarization ellipse will not be 
tilted but it will be aligned with the principal axes of the field components. The major 
axis of the ellipse will align with the axis of the field component which is larger of the 
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two, while the minor axis of the ellipse will align with the axis of the field component 
which is smaller of the two. 


2.12.2 Polarization Loss Factor and Efficiency 


In general, the polarization of the receiving antenna will not be the same as the polar- 
ization of the incoming (incident) wave. This is commonly stated as “polarization 
mismatch.” The amount of power extracted by the antenna from the incoming signal 
will not be maximum because of the polarization loss. Assuming that the electric field 
of the incoming wave can be written as 


E; = bw E; (2-69) 


where ,, is the unit vector of the wave, and the polarization of the electric field of 
the receiving antenna can be expressed as 


E, = paEa (2-70) 


where f, is its unit vector (polarization vector), the polarization loss can be taken into 
account by introducing a polarization loss factor (PLF). It is defined, based on the 
polarization of the antenna in its transmitting mode, as 


PLF = |0, - 6, |? = | cos y, (dimensionless) (2-71) 


where yy, is the angle between the two unit vectors. The relative alignment of the 
polarization of the incoming wave and of the antenna is shown in Figure 2.24. If the 
antenna is polarization matched, its PLF will be unity and the antenna will extract 
maximum power from the incoming wave. 

Another figure of merit that is used to describe the polarization characteristics of a 
wave and that of an antenna is the polarization efficiency (polarization mismatch or 
loss factor) which is defined as “the ratio of the power received by an antenna from 
a given plane wave of arbitrary polarization to the power that would be received by 
the same antenna from a plane wave of the same power flux density and direction of 


Pw 
A ^ 
Pa 
y 
| > 


Figure 2.24 Polarization unit vectors of incident wave (,) and antenna (f), and polarization 
loss factor (PLF). 
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propagation, whose state of polarization has been adjusted for a maximum received 
power.” This is similar to the PLF and it is expressed as 


| le X E"? 
e= PIERP du 
where 
£, — vector effective length of the antenna 
E™ — incident electric field 


The vector effective length £, of the antenna has not yet been defined, and it is 
introduced in Section 2.15. It is a vector that describes the polarization characteristics 
of the antenna. Both the PLF and p, lead to the same answers. 

The conjugate (*) is not used in (2-71) or (2-71a) so that a right-hand circularly 
polarized incident wave (when viewed in its direction of propagation) is matched to 
right-hand circularly polarized receiving antenna (when its polarization is determined 
in the transmitting mode). Similarly, a left-hand circularly polarized wave will be 
matched to a left-hand circularly polarized antenna. 

To illustrate the principle of polarization mismatch, two examples are considered. 


Example 2.11 


The electric field of a linearly polarized electromagnetic wave given by 
E; = â, Eo(x, ye 
is incident upon a linearly polarized antenna whose electric-field polarization is expressed as 
E, ~ (à, + à) E(r.0, 9) 


Find the polarization loss factor (PLF). 
Solution: For the incident wave 


and for the antenna 


The PLF is then equal to 


PLF = [pu * al^ = là 


which in dB is equal to 


PLF (dB) = 101og,, PLF (dimensionless) = 10 log;)(0.5) = —3 
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PLF = |P,,*Pyl?=1 PLF = |,, + Pal? = cos”, PLF = |,,+P,l?7=0 
(aligned) (rotated) (orthogonal) 


(a) PLF for transmitting and receiving 
aperture antennas 


«e 


PLF = |p,,- p, 21 PLF = |,, - Pal? = cos? y, PLF = |p, + pal? - 0 
(aligned) (rotated) (orthogonal) 


(b) PLF for transmitting and receiving 
linear wire antennas 


Figure 2.25 Polarization loss factors (PLF) for aperture and linear wire antennas. 


Even though in Example 2.11 both the incoming wave and the antenna are linearly 
polarized, there is a 3-dB loss in extracted power because the polarization of the 
incoming wave is not aligned with the polarization of the antenna. If the polarization 
of the incoming wave is orthogonal to the polarization of the antenna, then there will 
be no power extracted by the antenna from the incoming wave and the PLF will be 
zero or —oo dB. In Figures 2.25(a,b) we illustrate the polarization loss factors (PLF) 
of two types of antennas: wires and apertures. 

We now want to consider an example where the polarization of the antenna and the 
incoming wave are described in terms of complex polarization vectors. 


Example 2.12 


A right-hand (clockwise) circularly polarized wave radiated by an antenna, placed at some 
distance away from the origin of a spherical coordinate system, is traveling in the inward 
radial direction at an angle (0, $) and it is impinging upon a right-hand circularly polarized 
receiving antenna placed at the origin (see Figures 2.1 and 17.23 for the geometry of the 
coordinate system). The polarization of the receiving antenna is defined in the transmitting 
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mode, as desired by the definition of the IEEE. Assuming the polarization of the incident 
wave is represented by 
E, = (às + jy) E(r,0, p) 


Determine the polarization loss factor (PLF). 


Solution: The polarization of the incident right-hand circularly polarized wave traveling 
along the —r radial direction is described by the unit vector 


ie (= =) 
w JA 


while that of the receiving antenna, in the transmitting mode, is represented by the unit vector 


(e 
i V2 


Therefore the polarization loss factor is 


1 
PLF = [By - byl? = Fil + M^ — 1 —0dB 


Since the polarization of the incoming wave matches (including the sense of rotation) the 
polarization of the receiving antenna, there should not be any losses. Obviously the answer 
matches the expectation. 


Based upon the definitions of the wave transmitted and received by an antenna, the 
polarization of an antenna in the receiving mode is related to that in the transmitting 
mode as follows: 


1. “In the same plane of polarization, the polarization ellipses have the same axial 
ratio, the same sense of polarization (rotation) and the same spatial orientation. 


2. “Since their senses of polarization and spatial orientation are specified by viewing 
their polarization ellipses in the respective directions in which they are propa- 
gating, one should note that: 


a. Although their senses of polarization are the same, they would appear to be 
opposite if both waves were viewed in the same direction. 

b. Their tilt angles are such that they are the negative of one another with respect 
to a common reference.” 


Since the polarization of an antenna will almost always be defined in its transmitting 
mode, according to the IEEE Std 145-1983, “the receiving polarization may be used to 
specify the polarization characteristic of a nonreciprocal antenna which may transmit 
and receive arbitrarily different polarizations.” 

The polarization loss must always be taken into account in the link calculations 
design of a communication system because in some cases it may be a very critical 
factor. Link calculations of communication systems for outer space explorations are 
very stringent because of limitations in spacecraft weight. In such cases, power is a 
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Figure 2.26 Geometry of elliptically polarized cross-dipole antenna. 


limiting consideration. The design must properly take into account all loss factors to 
ensure a successful operation of the system. 

An antenna that is elliptically polarized is that composed of two crossed dipoles, 
as shown in Figure 2.26. The two crossed dipoles provide the two orthogonal field 
components that are not necessarily of the same field intensity toward all observation 
angles. If the two dipoles are identical, the field intensity of each along zenith (per- 
pendicular to the plane of the two dipoles) would be of the same intensity. Also, if 
the two dipoles were fed with a 90° degree time-phase difference (phase quadrature), 
the polarization along zenith would be circular and elliptical toward other directions. 
One way to obtain the 90° time-phase difference Ag between the two orthogonal field 
components, radiated respectively by the two dipoles, is by feeding one of the two 
dipoles with a transmission line which is 4/4 longer or shorter than that of the other 
[Ag = kA£ = (27/4) (A/4) = n/2]. One of the lengths (longer or shorter) will provide 
right-hand (CW) rotation while the other will provide left-hand (CCW) rotation. 


2.13 INPUT IMPEDANCE 


Input impedance is defined as “the impedance presented by an antenna at its terminals 
or the ratio of the voltage to current at a pair of terminals or the ratio of the appropriate 
components of the electric to magnetic fields at a point." In this section we are primarily 
interested in the input impedance at a pair of terminals which are the input terminals 
of the antenna. In Figure 2.27(a) these terminals are designated as a — b. The ratio of 
the voltage to current at these terminals, with no load attached, defines the impedance 


of the antenna as 
Za = RAd jXA (2-72) 
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Antenna 
a 
——_— 
Generator Radiated 
(Zo) wave 
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(a) Antenna in transmitting mode 
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(b) Thevenin equivalent 


(c) Norton equivalent 


Figure 2.27 Transmitting antenna and its equivalent circuits. 


where 


Za = antenna impedance at terminals a-b (ohms) 
Ra = antenna resistance at terminals a—b (ohms) 
X4 = antenna reactance at terminals a-b (ohms) 


In general the resistive part of (2-72) consists of two components; that is 


Ra =R, +R, (2-73) 


R, = radiation resistance of the antenna 
Rz = loss resistance of the antenna 


The radiation resistance will be considered in more detail in later chapters, and it will 
be illustrated with examples. 
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If we assume that the antenna is attached to a generator with internal impedance 
Zo = R + jXg (2-74) 


where 


R, = resistance of generator impedance (ohms) 
X, — reactance of generator impedance (ohms) 


and the antenna is used in the transmitting mode, we can represent the antenna and 
generator by an equivalent circuit" shown in Figure 2.27(b). To find the amount of 
power delivered to R, for radiation and the amount dissipated in Rz as heat (I? R; /2), 
we first find the current developed within the loop which is given by 


V, V, V, 
gu L—MMRA————————— (A) (2-75) 
Zi Za t Zg (R; + Rp, + Re) + j(Xat+ X4) 
and its magnitude by 
V, 
I = M (2-75a) 


[(Ry + Rr, + Re)? + (X4 + XV] 


where V, is the peak generator voltage. The power delivered to the antenna for radiation 
is given by 


1 V, (7 R, 
P, ASPR =! A | 


as W 2-76 
2 ETRE | ue a 
and that dissipated as heat by 


RL 
(R, + Rr + R)? + (X4 X,)? 


1 [Vel 
PL = zll Ri ES 


> | (W) (2-77) 


The remaining power is dissipated as heat on the internal resistance R, of the generator, 
and it is given by 


P, = IVe? eara] (W) (2-78) 
à 2 LG. Rit Ry)? + (X4 + X,» 


The maximum power delivered to the antenna occurs when we have conjugate 
matching; that is when 

R, + RL = R; (2-79) 

X, = —X; (2-80) 

*This circuit can be used to represent small and simple antennas. It cannot be used for antennas with lossy 


dielectric or antennas over lossy ground because their loss resistance cannot be represented in series with 
the radiation resistance. 
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For this case 


2 R, 2 R, 
pics e NER. EIER. C EN PIT S (2-81) 
2 A(R, + R1)? 8 (R, + R) 
V? Ri 
p = = 2-82 
IS: bx eee) 
V |? R V, |? 1 V? 
Lu. Vef 1 c] ME Q-83) 
8 (R; T Ry 8 R, + Ry, 8R, 


From (2-81)- (2-83), it is clear that 


IV, R, Vel? [| Re + Rr 
P. — P, P = oe Ea E ee Re 2-84 
s Tode qe N ERAT 8 | (R; RP CSD 


The power supplied by the generator during conjugate matching is 


plied pita Lay ee (W) (2-85) 
Vc Ee OE OCR. ARO] 4 |R SER 


Of the power that is provided by the generator, half is dissipated as heat in the inter- 
nal resistance (R,) of the generator and the other half is delivered to the antenna. 
This only happens when we have conjugate matching. Of the power that is deliv- 
ered to the antenna, part is radiated through the mechanism provided by the radiation 
resistance and the other is dissipated as heat which influences part of the overall effi- 
ciency of the antenna. If the antenna is lossless and matched to the transmission line 
(e; = 1), then half of the total power supplied by the generator is radiated by the 
antenna during conjugate matching, and the other half is dissipated as heat in the 
generator. Thus, to radiate half of the available power through R, you must dissipate 
the other half as heat in the generator through R,. These two powers are, respec- 
tively, analogous to the power transferred to the load and the power scattered by 
the antenna in the receiving mode. In Figure 2.27 it is assumed that the generator 
is directly connected to the antenna. If there is a transmission line between the two, 
which is usually the case, then Z, represents the equivalent impedance of the gen- 
erator transferred to the input terminals of the antenna using the impedance transfer 
equation. If, in addition, the transmission line is lossy, then the available power to 
be radiated by the antenna will be reduced by the losses of the transmission line. 
Figure 2.27(c) illustrates the Norton equivalent of the antenna and its source in the 
transmitting mode. 

The use of the antenna in the receiving mode is shown in Figure 2.28(a). The inci- 
dent wave impinges upon the antenna, and it induces a voltage Vr which is analogous 
to V, of the transmitting mode. The Thevenin equivalent circuit of the antenna and 
its load is shown in Figure 2.28(b) and the Norton equivalent in Figure 2.28(c). The 
discussion for the antenna and its load in the receiving mode parallels that for the 
transmitting mode, and it will not be repeated here in detail. Some of the results will 
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Antenna 
a 
Mga 
Load Incident 
(Zr) wave 
b 


(a) Antenna in receiving mode 


a 


R; |. ] 
Pu ie Wap 


(b) Thevenin equivalent 


(c) Norton equivalent 


Figure 2.28 Antenna and its equivalent circuits in the receiving mode. 


be summarized in order to discuss some subtle points. Following a procedure similar 
to that for the antenna in the transmitting mode, it can be shown using Figure 2.28 that 
in the receiving mode under conjugate matching (R, + Ry, = Ry and X4 = —Xr) the 


powers delivered to Rr, R,, and Rz are given, respectively, by 


Mx Vp Rr _ (Vel? 1 VP 
7T 8 LR +R] 8 XRORL/ 8Rr 


ple Vr]? R, Vr? R, 
"2 [4R +R?2] 8 [GR 


PA R, 
"i (R, + Rp)? 


(2-86) 


(2-87) 


(2-88) 
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while the induced (collected or captured) is 


1 1 Vt Vr? 1 
Bao pre | Nel. EN cu NC (2-89) 
2 2 2(R, + RL) 4 R. RL 


These are analogous, respectively, to (2-81)—(2-83) and (2-85). The power P, of (2-87) 
delivered to R, is referred to as scattered (or reradiated) power. It is clear through 
(2-86)—(2-89) that under conjugate matching of the total power collected or captured 
[P. of (2-89)] half is delivered to the load Rr [Pr of (2-86)] and the other half is 
scattered or reradiated through R, [P, of (2-87)] and dissipated as heat through Rz [PL 
of (2-88)]. If the losses are zero (Rz = 0), then half of the captured power is delivered 
to the load and the other half is scattered. This indicates that in order to deliver 
half of the power to the load you must scatter the other half. This becomes important 
when discussing effective equivalent areas and aperture efficiencies, especially for high 
directivity aperture antennas such as waveguides, horns, and reflectors with aperture 
efficiencies as high as 80 to 90%. Aperture efficiency (e45) is defined by (2-100) and 
is the ratio of the maximum effective area to the physical area. The effective area is 
used to determine the power delivered to the load, which under conjugate matching 
is only one-half of that intercepted; the other half is scattered and dissipated as heat. 
For a lossless antenna (Rz = 0) under conjugate matching, the maximum value of the 
effective area is equal to the physical area (€ap = 1) and the scattering area is also 
equal to the physical area. Thus half of the power is delivered to the load and the other 
half is scattered. Using (2-86) to (2-89) we conclude that even though the aperture 
efficiencies are higher than 50% (they can be as large as 100%) all of the power that 
is captured by the antenna is not delivered to the load but it includes that which is 
scattered plus dissipated as heat by the antenna. The most that can be delivered to 
the load is only half of that captured and that is only under conjugate matching and 
lossless transmission line. 

The input impedance of an antenna is generally a function of frequency. Thus the 
antenna will be matched to the interconnecting transmission line and other associated 
equipment only within a bandwidth. In addition, the input impedance of the antenna 
depends on many factors including its geometry, its method of excitation, and its 
proximity to surrounding objects. Because of their complex geometries, only a limited 
number of practical antennas have been investigated analytically. For many others, the 
input impedance has been determined experimentally. 


2.14 ANTENNA RADIATION EFFICIENCY 


The antenna efficiency that takes into account the reflection, conduction, and dielec- 
tric losses was discussed in Section 2.8. The conduction and dielectric losses of an 
antenna are very difficult to compute and in most cases they are measured. Even with 
measurements, they are difficult to separate and they are usually lumped together to 
form the eca efficiency. The resistance Rz is used to represent the conduction-dielectric 
losses. 

The conduction-dielectric efficiency eca is defined as the ratio of the power delivered 
to the radiation resistance R, to the power delivered to R, and R,. Using (2-76) and 


86 FUNDAMENTAL PARAMETERS OF ANTENNAS 


(2-77), the radiation efficiency can be written as 


R, ; 
ecd = | (dimensionless) (2-90) 


For a metal rod of length / and uniform cross-sectional area A, the dc resistance is 
given by 


11 
Race = —— (ohms) (2-90a) 
oA 


If the skin depth 5[5 = J/2/(cgo)] of the metal is very small compared to the smallest 
diagonal of the cross section of the rod, the current is confined to a thin layer near the 
conductor surface. Therefore the high-frequency resistance can be written, based on a 
uniform current distribution, as 


priu 0H xm (2-90b) 
= —R, = —,/— (ohms - 

"Pp PY 26 

where P is the perimeter of the cross section of the rod (P = C = 2zb for a circular 

wire of radius b), R, is the conductor surface resistance, œw is the angular frequency, 

Ho is the permeability of free-space, and o is the conductivity of the metal. 


Example 2.13 


A resonant half-wavelength dipole is made out of copper (o = 5.7 x 107S/m) wire. Deter- 
mine the conduction-dielectric (radiation) efficiency of the dipole antenna at f = 100 MHz 
if the radius of the wire b is 3 x 1074A, and the radiation resistance of the 4/2 dipole is 
73 ohms. 

Solution: At f = 10* Hz 


C = 27rb = 2n(3 x 107) = 6z x 10740 


For a A/2 dipole with a sinusoidal current distribution Ry, = iR where Ray is given by 
(2-90b). See Problem 2.52. Therefore, 


1 025  [n(105)4z x 10-7) 
E EUER QUEM Ltd LR Re DNE 
2^ — er x 10-4 sax (eU 


73 
eca (dimensionless) = 730349 = 0.9952 = 99.52% 


eca (dB) = 10 log), (0.9905) = —0.02 
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2.15 ANTENNA VECTOR EFFECTIVE LENGTH AND EQUIVALENT AREAS 


An antenna in the receiving mode, whether it is in the form of a wire, horn, aperture, 
array, dielectric rod, etc., is used to capture (collect) electromagnetic waves and to 
extract power from them, as shown in Figures 2.29(a) and (b). For each antenna, an 
equivalent length and a number of equivalent areas can then be defined. 

These equivalent quantities are used to describe the receiving characteristics of an 
antenna, whether it be a linear or an aperture type, when a wave is incident upon 
the antenna. 


2.15.1 Vector Effective Length 


The effective length of an antenna, whether it be a linear or an aperture antenna, is 
a quantity that is used to determine the voltage induced on the open-circuit terminals 


E-field of 
plane wave 


Direction of 
propagation 


(a) Dipole antenna in receiving mode 


E-field of 
plane wave 


Direction of 
propagation 


Receiver 


(b) Aperture antenna in receiving mode 


Figure 2.29 Uniform plane wave incident upon dipole and aperture antennas. 
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of the antenna when a wave impinges upon it. The vector effective length £e for an 
antenna is usually a complex vector quantity represented by 


£.(0, H) = Aglo (0, H) + áglo (0, $) (2-91) 


It should be noted that it is also referred to as the effective height. It is a far-field 
quantity and it is related to the far-zone field E, radiated by the antenna, with current 
Ij, in its terminals, by [13]-[18] 


Tin —ikr 
E, = à E, + âp Ep = — jn — te "^ (2-92) 
Zr 


The effective length represents the antenna in its transmitting and receiving modes, and 
it is particularly useful in relating the open-circuit voltage Vo. of receiving antennas. 
This relation can be expressed as 


Vic = E. £, (2-93) 


where 


Voc = open-circuit voltage at antenna terminals 
E/ = incident electric field 
£, — vector effective length 


In (2-93) V»: can be thought of as the voltage induced in a linear antenna of length £e 
when £, and E! are linearly polarized [19], [20]. From the relation of (2-93) the effective 
length of a linearly polarized antenna receiving a plane wave in a given direction is 
defined as "the ratio of the magnitude of the open-circuit voltage developed at the 
terminals of the antenna to the magnitude of the electric-field strength in the direction 
of the antenna polarization. Alternatively, the effective length is the length of a thin 
straight conductor oriented perpendicular to the given direction and parallel to the 
antenna polarization, having a uniform current equal to that at the antenna terminals 
and producing the same far-field strength as the antenna in that direction." 

In addition, as shown in Section 2.12.2, the antenna vector effective length is used 
to determine the polarization efficiency of the antenna. To illustrate the usefulness of 
the vector effective length, let us consider an example. 


Example 2.14 


The far-zone field radiated by a small dipole of length / < 4/10 and with a triangular current 
distribution, as shown in Figure 4.4, is derived in Section 4.3 of Chapter 4 and it is given 
by (4-362), or 
E kIyle- J" , 
E, = a jn ——— ——— sin 0 
Tr 
Determine the vector effective length of the antenna. 
Solution: According to (2-92), the vector effective length is 


l 
— âg P] sin 6 
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This indicates, as it should, that the effective length is a function of the direction 
angle 6, and its maximum occurs when 0 = 90°. This tells us that the maximum open- 
circuit voltage at the dipole terminals occurs when the incident direction of the wave of 
Figure 2.29(a) impinging upon the small dipole antenna is normal to the axis (length) 
of the dipole (6 = 90°). This is expected since the dipole has a radiation pattern whose 
maximum is in the 6 = 90°. In addition, the effective length of the dipole to produce 
the same output open-circuit voltage is only half (50%) of its physical length if it were 
replaced by a thin conductor having a uniform current distribution (it can be shown that 
the maximum effective length of an element with an ideal uniform current distribution 
is equal to its physical length). 


2.15.2 Antenna Equivalent Areas 


With each antenna, we can associate a number of equivalent areas. These are used 
to describe the power capturing characteristics of the antenna when a wave impinges 
on it. One of these equivalent areas is the effective area (aperture), which in a given 
direction is defined as “the ratio of the available power at the terminals of a receiving 
antenna to the power flux density of a plane wave incident on the antenna from that 
direction, the wave being polarization-matched to the antenna. If the direction is not 
specified, the direction of maximum radiation intensity is implied.” In equation form 


it is written as : 
P. Ir| RT/2 
A IT = | T| T/ (2-94) 


where 


A, = effective area (effective aperture) (m?) 
Pr = power delivered to the load (W) 
W; = power density of incident wave (W/m?) 


The effective aperture is the area which when multiplied by the incident power 
density gives the power delivered to the load. Using the equivalent of Figure 2.28, we 
can write (2-94) as 


[Vr]? Rr 
Ae = —— | ——————————————Á (2-95) 
2W; | (R, + Rp + Rr)? + (X4 Xr? 


Under conditions of maximum power transfer (conjugate matching), R, + Rr = Rr 


and X4 = —X7, the effective area of (2-95) reduces to the maximum effective aperture 
given by 
Vp? R WP? 1 
EN NNI. MEN MIU IP (2-96) 
8W; L (Rr + R? 8W; | R- - Rr, 


When (2-96) is multiplied by the incident power density, it leads to the maximum 
power delivered to the load of (2-86). 

All of the power that is intercepted, collected, or captured by an antenna is not 
delivered to the load, as we have seen using the equivalent circuit of Figure 2.28. In 
fact, under conjugate matching only half of the captured power is delivered to the 
load; the other half is scattered and dissipated as heat. Therefore to account for the 
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scattered and dissipated power we need to define, in addition to the effective area, the 
scattering, loss and capture equivalent areas. In equation form these can be defined 
similarly to (2-94)—(2-96) for the effective area. 

The scattering area is defined as the equivalent area when multiplied by the incident 
power density is equal to the scattered or reradiated power. Under conjugate matching 
this is written, similar to (2-96), as 


IV]? R, 
As = —— | ——— 2-97 
= ew, a | ids 


which when multiplied by the incident power density gives the scattering power of (2- 
87). 

The loss area is defined as the equivalent area, which when multiplied by the inci- 
dent power density leads to the power dissipated as heat through Rz. Under conjugate 
matching this is written, similar to (2-96), as 


|Vr]? RL 
Ar= — — 2-98 
8W; la: + z7] i ) 


which when multiplied by the incident power density gives the dissipated power of (2- 
88). 

Finally the capture area is defined as the equivalent area, which when multiplied by 
the incident power density leads to the total power captured, collected, or intercepted 
by the antenna. Under conjugate matching this is written, similar to (2-96), as 


Vr? [Rr +R, +R 
Ac c MI | r+ R, + -| (2-99) 


EE 8W; (RL + Ry 


When (2-99) is multiplied by the incident power density, it leads to the captured power 
of (2-89). In general, the total capture area is equal to the sum of the other three, or 


Capture Area = Effective Area + Scattering Area + Loss Area 


This is apparent under conjugate matching using (2-96)—(2-99). However, it holds even 
under nonconjugate matching conditions. 

Now that the equivalent areas have been defined, let us introduce the aperture 
efficiency €ap of an antenna, which is defined as the ratio of the maximum effective 
area Aem of the antenna to its physical area Ap, or 


Aem Maximum effective area 
A 


(2-100) 


€ap = " 
p physical area 


For aperture type antennas, such as waveguides, horns, and reflectors, the maximum 
effective area cannot exceed the physical area but it can equal it (Aem < Ap or 0 < 
€ap X 1). Therefore the maximum value of the aperture efficiency cannot exceed unity 
(100%). For a lossless antenna (Rz = 0) the maximum value of the scattering area is 
also equal to the physical area. Therefore even though the aperture efficiency is greater 
than 50%, for a lossless antenna under conjugate matching only half of the captured 


power is delivered to the load and the other half is scattered. 
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We can also introduce a partial effective area of an antenna for a given polarization 
in a given direction, which is defined as “the ratio of the available power at the 
terminals of a receiving antenna to the power flux density of a plane wave incident 
on the antenna from that direction and with a specified polarization differing from the 
receiving polarization of the antenna.” 

The effective area of an antenna is not necessarily the same as the physical aperture. 
It will be shown in later chapters that aperture antennas with uniform amplitude and 
phase field distributions have maximum effective areas equal to the physical areas; 
they are smaller for nonuniform field distributions. In addition, the maximum effective 
area of wire antennas is greater than the physical area (if taken as the area of a cross 
section of the wire when split lengthwise along its diameter). Thus the wire antenna 
can capture much more power than is intercepted by its physical size! This should not 
come as a surprise. If the wire antenna would only capture the power incident on its 
physical size, it would be almost useless. So electrically, the wire antenna looks much 
bigger than its physical stature. 

To illustrate the concept of effective area, especially as applied to a wire antenna, 
let us consider an example. In later chapters, we will consider examples of aper- 
ture antennas. 


Example 2.15 


A uniform plane wave is incident upon a very short lossless dipole (/ « A), as shown in 
Figure 2.29(a). Find the maximum effective area assuming that the radiation resistance of 
the dipole is R, = 80(z:1/A)?, and the incident field is linearly polarized along the axis of 
the dipole. 

Solution: For Ry, = 0, the maximum effective area of (2-96) reduces to 


Vr\? Fi 
ER |Vr| l l 
SW; |R, 


Since the dipole is very short, the induced current can be assumed to be constant and of 
uniform phase. The induced voltage is 


Vr = El 


induced voltage on the dipole 
electric field of incident wave 
length of dipole 


For a uniform plane wave, the incident power density can be written as 


E? 
a 


i 


where ņ is the intrinsic impedance of the medium (~120z ohms for a free-space medium). 


Thus M j 
E A 
rece i du Digi 

8(E?/25) 805 7P/A2) — 8x 


em 
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The above value is only valid for a lossless antenna (the losses of a short dipole are 
usually significant). If the loss resistance is equal to the radiation resistance (Rr, = 
R,) and the sum of the two is equal to the load (receiver) resistance (Ry = R, + 
R; = 2R,), then the effective area is only one-half of the maximum effective area 
given above. 

Let us now examine the significance of the effective area. From Example 2.15, the 
maximum effective area of a short dipole with | < A was equal to Aem = 0.119A7. Typ- 
ical antennas that fall under this category are dipoles whose lengths are / < 1/50. For 
the purpose of demonstration, let us assume that / = 4/50. Because Aem = 0.1194? = 
lw, = (A/50)w-, the maximum effective electrical width of this dipole is we = 5.954. 
Typical physical diameters (widths) of wires used for dipoles may be about w, = 
4/300. Thus the maximum effective width we is about 1,785 times larger than its 
physical width. 


2.16 MAXIMUM DIRECTIVITY AND MAXIMUM EFFECTIVE AREA 


To derive the relationship between directivity and maximum effective area, the geo- 
metrical arrangement of Figure 2.30 is chosen. Antenna | is used as a transmitter and 
2 as a receiver. The effective areas and directivities of each are designated as A;, A; 
and D,, D,. If antenna | were isotropic, its radiated power density at a distance R 
would be 

P, 


Wo = — 
° Art R2 


(2-101) 
where P, is the total radiated power. Because of the directive properties of the antenna, 
its actual density is 

P, D, 


Wis Mac Re 


(2-102) 
The power collected (received) by the antenna and transferred to the load would be 


(2-103) 


Direction of propagation 
of wave 


Receiver 


Transmitter 


Figure 2.30 Two antennas separated by a distance R. 
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or P, P 
D, A, = zan R?) (2-103a) 
t 


If antenna 2 is used as a transmitter, 1 as a receiver, and the intervening medium is 
linear, passive, and isotropic, we can write that 


P, 2 
D,A, = p Ger ) (2-104) 
t 


Equating (2-103a) and (2-104) reduces to 


D, D, 
— = — (2-105) 
A A, 
Increasing the directivity of an antenna increases its effective area in direct propor- 
tion. Thus, (2-105) can be written as 


Dor | Dor 


= 2-106 
Atm Arm ( 


where A;, and A,m (Do, and Dor) are the maximum effective areas (directivities) of 
antennas 1 and 2, respectively. 

If antenna 1 is isotropic, then Do, = 1 and its maximum effective area can be 
expressed as 


(2-107) 


Equation (2-107) states that the maximum effective area of an isotropic source is 

equal to the ratio of the maximum effective area to the maximum directivity of any 

other source. For example, let the other antenna be a very short (l < à) dipole whose 

effective area (0.1194? from Example 2.15) and maximum directivity (1.5) are known. 
The maximum effective area of the isotropic source is then equal to 


Ag. UT ue 


Ae = ——— = — 2-108 
m Dy 1.5 4x ( 
Using (2-108), we can write (2-107) as 
2 
Arm = Dor Atm = Dor (=) (2-109) 
4r 


In general then, the maximum effective aperture (Aem) of any antenna is related to its 
maximum directivity (Do) by 


(2-110) 


Thus, when (2-110) is multiplied by the power density of the incident wave it leads to 
the maximum power that can be delivered to the load. This assumes that there are no 
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conduction-dielectric losses (radiation efficiency e.g is unity), the antenna is matched 
to the load (reflection efficiency e, is unity), and the polarization of the impinging wave 
matches that of the antenna (polarization loss factor PLF and polarization efficiency p, 
are unity). If there are losses associated with an antenna, its maximum effective aper- 
ture of (2-110) must be modified to account for conduction-dielectric losses (radiation 
efficiency). Thus, 


a2 
Aem = €cd (=) Do (2-111) 
4r 


The maximum value of (2-111) assumes that the antenna is matched to the load and the 
incoming wave is polarization-matched to the antenna. If reflection and polarization 
losses are also included, then the maximum effective area of (2-111) is represented by 


a? Penn o 
Aem = €o Ag Dol * Bal 
IT 


42 (2-112) 
aie (=) Dolĝu - Pal? 


2.17 FRIIS TRANSMISSION EQUATION AND RADAR RANGE EQUATION 


The analysis and design of radar and communications systems often require the use 
of the Friis Transmission Equation and the Radar Range Equation. Because of the 
importance [21] of the two equations, a few pages will be devoted for their derivation. 


2.17.1 Friis Transmission Equation 


The Friis Transmission Equation relates the power received to the power transmitted 
between two antennas separated by a distance R > 2D?/A, where D is the largest 
dimension of either antenna. Referring to Figure 2.31, let us assume that the transmit- 
ting antenna is initially isotropic. If the input power at the terminals of the transmitting 
antenna is P;, then its isotropic power density Wo at distance R from the antenna is 


P, 
Wo = er Re (2-113) 


7 (6. De ; 
5 5 
/| Me $) / 


e R | Receiving antenna 
(P, G,, Dy» cdr: I. p? 


Transmitting antenna 
(Pp Gp Dy, ecan Tr Pd) 


Figure 2.31 Geometrical orientation of transmitting and receiving antennas for Friis transmis- 
sion equation. 
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where e; is the radiation efficiency of the transmitting antenna. For a nonisotropic 
transmitting antenna, the power density of (2-113) in the direction 6,, 6; can be writ- 


ten as 


wW = P,G: (0i, Qr) = P,D;(@;, 9i) 
ee 4m R? Agr R2 


(2-114) 
where G;(0,, @,) is the gain and D,(6,, œ+) is the directivity of the transmitting antenna 
in the direction 6,, $;. Since the effective area A, of the receiving antenna is related 
to its efficiency e, and directivity D, by 


2 
A, = e, D,(6,, br) (=) (2-115) 


the amount of power P, collected by the receiving antenna can be written, using (2-114) 
and (2-115), as 


A? X? D: (0+, d») Dr (Or, br) P, ^ ^12 
P, = e, D, (0,, Or) a We SA UT EDO -Prl (2-116) 
or the ratio of the received to the input power as 
P, A? D: (01, Pi) D (Or, br) 
— = ¢,e, ——____—"— 2-117 
p. € (4x Ry? VH 


The power received based on (2-117) assumes that the transmitting and receiving 
antennas are matched to their respective lines or loads (reflection efficiencies are unity) 
and the polarization of the receiving antenna is polarization-matched to the impinging 
wave (polarization loss factor and polarization efficiency are unity). If these two factors 
are also included, then the ratio of the received to the input power of (2-117) is 
represented by 


r 


P, 2 (^ : ~ xn 12 
n = edt Ccard — Irma — IP 1°) D;(;, $:) D, (Or, Pr) | Bt - Pr | (2-118) 
P, 4r R 


For reflection and polarization-matched antennas aligned for maximum directional 
radiation and reception, (2-118) reduces to 


(2-119) 


Equations (2-117), (2-118), or (2-119) are known as the Friis Transmission Equation, 
and it relates the power P, (delivered to the receiver load) to the input power of the 
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| 

Transmitting antenna 
(P, Gr Dy, ecan Tr Py) 


Scattered wave 


Ry (Pw) 
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(P, G,» D,, €cdr: L. po 


Figure 2.32 Geometrical arrangement of transmitter, target, and receiver for radar range 
equation. 


transmitting antenna P;. The term (4/4 R)? is called the free-space loss factor, and it 
takes into account the losses due to the spherical spreading of the energy by the antenna. 


2.17.2 Radar Range Equation 


Now let us assume that the transmitted power is incident upon a target, as shown in 
Figure 2.32. We now introduce a quantity known as the radar cross section or echo 
area (o) of a target which is defined as the area intercepting that amount of power 
which, when scattered isotropically, produces at the receiver a density which is equal 
to that scattered by the actual target [13]. In equation form 


W; 
Jim | d | =W, (2-120) 


4r R2 


or 


(2-120a) 


where 


c = radar cross section or echo area (m?) 
R = observation distance from target (m) 
W; = incident power density (W/m?) 
W, = scattered power density (W/m?) 
E! (E^) = incident (scattered) electric field (V/m) 
H! (H5) = incident (scattered) magnetic field (A/m) 
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Any of the definitions in (2-120a) can be used to derive the radar cross section of 
any antenna or target. For some polarization one of the definitions based either on the 
power density, electric field, or magnetic field may simplify the derivation, although 
all should give the same answers [13]. 

Using the definition of radar cross section, we can consider that the transmitted 
power incident upon the target is initially captured and then it is reradiated isotropically, 
insofar as the receiver is concerned. The amount of captured power P, is obtained by 
multiplying the incident power density of (2-114) by the radar cross section o, or 


P,G,(0;, P, D,(0;, 
P.=0W,= ED eU - ATIUM (2-121) 
An R? An R? 


The power captured by the target is reradiated isotropically, and the scattered power 
density can be written as 


P: P, D: (0+, @1) 


s= — eq0———— —- 2-122 
dR?“ (a Ri Ro? wie 
The amount of power delivered to the receiver load is given by 
P, Di0 pD- (Ors br) (X Y 
P, = A, W; = €cat€ car o ———______ | —— 2-123 
f peice 4r 4r RiR ( ) 


where A, is the effective area of the receiving antenna as defined by (2-115). 
Equation (2-123) can be written as the ratio of the received power to the input 
power, or 


(2-124) 


7M = €cdt€cdrO 


P, 4r 


P, D; (0, $)) D(0., br) ( A ) 


4r Ri R2 


Expression (2-124) is used to relate the received power to the input power, and it takes 
into account only conduction-dielectric losses (radiation efficiency) of the transmitting 
and receiving antennas. It does not include reflection losses (reflection efficiency) and 
polarization losses (polarization loss factor or polarization efficiency). If these two 
losses are also included, then (2-124) must be expressed as 


P, D; (1, $) D-0- br) 

m emcee = PAA = r Po Aea 

P, 4r 

(2-125) 


a di 6. 
x -————— . 
4r Ri Ro BR 


where 


Pw = polarization unit vector of the scattered waves 
pr = polarization unit vector of the receiving antenna 
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For polarization-matched antennas aligned for maximum directional radiation and 
reception, (2-125) reduces to 


_  GuGor f__ X T (2-126) 
B An 4r RiR 


Equation (2-124), or (2-125) or (2-126) is known as the Radar Range Equation. It 
relates the power P, (delivered to the receiver load) to the input power P, transmitted 
by an antenna, after it has been scattered by a target with a radar cross section (echo 
area) of o. 


Example 2.16 


Two lossless X-band (8.2—12.4 GHz) horn antennas are separated by a distance of 1004. 
The reflection coefficients at the terminals of the transmitting and receiving antennas are 0.1 
and 0.2, respectively. The maximum directivities of the transmitting and receiving antennas 
(over isotropic) are 16 dB and 20 dB, respectively. Assuming that the input power in the 
lossless transmission line connected to the transmitting antenna is 2W, and the antennas are 
aligned for maximum radiation between them and are polarization-matched, find the power 
delivered to the load of the receiver. 
Solution: For this problem 


Ccdt = €qqr = 1 because antennas are lossless. 

Ip: - br |? = | because antennas are polarization-matched 
D, = Do; ) because antennas are aligned for 
D, = Do- | maximum radiation between them 


Do; = 16 dB > 39.81 (dimensionless) 
Do, = 20 dB > 100 (dimensionless) 


Using (2-118), we can write 


P, = [1 — (0.1?][1 — (0.2)7][A/4z (100A) ]? (39.81) (100) (2) 
= 4.777 mW 


2.17.3 Antenna Radar Cross Section 


The radar cross section, usually referred to as RCS, is a far-field parameter, which is 
used to characterize the scattering properties of a radar target. For a target, there is 
monostatic or backscattering RCS when the transmitter and receiver of Figure 2.32 
are at the same location, and a bistatic RCS when the transmitter and receiver are 
not at the same location. In designing low-observable or low-profile (stealth) targets, 
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TABLE 2.2 RCS of Some Typical Targets 


Typical RCSs [22] 


Object RCS (m?) | RCS (dBsm) 
Pickup truck 200 23 
Automobile 100 20 
Jumbo jet airliner 100 20 
Large bomber or 40 16 
commercial jet 
Cabin cruiser boat 10 10 
Large fighter aircraft 6 7.78 
Small fighter aircraft or 2 3 
four-passenger jet 
Adult male 1 0 
Conventional winged 0.5 —3 
missile 
Bird 0.01 —20 
Insect 0.00001 —50 
Advanced tactical fighter 0.000001 —60 


it is the parameter that you attempt to minimize. For complex targets (such as air- 
craft, spacecraft, missiles, ships, tanks, automobiles) it is a complex parameter to 
derive. In general, the RCS of a target is a function of the polarization of the incident 
wave, the angle of incidence, the angle of observation, the geometry of the target, the 
electrical properties of the target, and the frequency of operation. The units of RCS 
of three-dimensional targets are meters squared (m?) or for normalized values deci- 
bels per squared meter (dBsm) or RCS per squared wavelength in decibels (RCS /2? 
in dB). Representative values of some typical targets are shown in Table 2.2 [22]. 
Although the frequency was not stated [22], these numbers could be representative at 
X-band. 

The RCS of a target can be controlled using primarily two basic methods: shaping 
and the use of materials. Shaping is used to attempt to direct the scattered energy 
toward directions other than the desired. However, for many targets shaping has to be 
compromised in order to meet other requirements, such as aerodynamic specifications 
for flying targets. Materials is used to trap the incident energy within the target and 
to dissipate part of the energy as heat or to direct it toward directions other than the 
desired. Usually both methods, shaping and materials, are used together in order to 
optimize the performance of a radar target. One of the "golden rules" to observe in 
order to achieve low RCS is to “round corners, avoid flat and concave surfaces, and 
use material treatment in flare spots." 

There are many methods of analysis to predict the RCS of a target [13], [22] —[33]. 
Some of them are full-wave methods, others are designated as asymptotic methods, 
either low-frequency or high-frequency, and some are considered as numerical meth- 
ods. The methods of analysis are often contingent upon the shape, size, and material 
composition of the target. Some targets, because of their geometrical complexity, are 
often simplified and are decomposed into a number of basic shapes (such as strips, 
plates, cylinders, cones, wedges) which when put together represent a very good replica 


100 FUNDAMENTAL PARAMETERS OF ANTENNAS 


of the actual target. This has been used extensively and proved to be a very good 
approach. The topic is very extensive to be treated here in any detail, and the reader is 
referred to the literature [13], [22] - [33]. There is a plethora of references but because 
of space limitations, only a limited number is included here to get the reader started 
on the subject. 

Antennas individually are radar targets which many exhibit large radar cross section. 
In many applications, antennas are mounted on the surface of other complex tar- 
gets (such as aircraft, spacecraft, satellites, missiles, automobiles), and become part 
of the overall radar target. In such configurations, many antennas, especially aper- 
ture types (such as waveguides, horns) become large contributors to the total RCS, 
monostatic or bistatic, of the target. Therefore in designing low-observable targets, 
the antenna type, location and contributions become an important consideration of the 
overall design. 

The scattering and transmitting (radiation) characteristics of an antenna are related 
[34]- [36]. There are various methods which can be used to analyze the fields scattered 
by an antenna. The presentation here parallels that in [23], [37]—[40]. In general the 
electric field scattered by an antenna with a load impedance Zz can be expressed by 


I, Z 
EZ) = E'() - 2—— 


"E (2-127) 
I, Zt + Za 


where 


E (Z1) = electric field scattered by antenna with a load Zz 
E5 (0) = electric field scattered by short-circuited antenna (Zz; = 0) 
I, = short-circuited current induced by the incident field on the antenna with 
Z L-— 0 
I, — antenna current in transmitting mode 
Za = Ra+jXa = antenna input impedance 
E' = electric field radiated by the antenna in transmitting mode 


By defining an antenna reflection coefficient of 


ZL — ZA 
T, = ———— 2-128 
“ZL +Za TN 
the scattered field of (2-127) can be written as 
Hl ; 
E*(Z,) = E*(0) — "eu +T,)E (2-129) 
t 


Therefore according to (2-129) the scattered field by an antenna with a load Z; is 
equal to the scattered field when the antenna is short-circuited (Zz = 0) minus a term 
related to the reflection coefficient and the field transmitted by the antenna. 

Green has expressed the field scattered by an antenna terminated with a load Z; in 
a more convenient form which allows it to be separated into the structural and antenna 
mode scattering terms [23], [37] - [40]. This is accomplished by assuming that the antenna 
is loaded with a conjugate-matched impedance (Z; = Z7). Doing this generates using 
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(2-127) another equation for the field scattered by the antenna with a load Z; = Z4. When 
this new equation is subtracted from (2-127) it eliminates the short-circuited scattered 
field, and we can write that the field scattered by the antenna with a load Zz is 


I; F*Z4 
ED EQ ee E! 2-130 
(Zi) (ZA T, 2R, ( ) 
ey 
PSs (2-130a) 
Ži FZ: 


where 


E (ZL) = electric field scattered by the antenna with load Z7, 
E! (Zi) = electric field scattered by the antenna with a conjugate-matched load 
I(Z%,) = current induced by the incident wave at the terminals matched with a 
conjugate impedance load 
I* = conjugate-matched reflection coefficient 
Z, = load impedance attached to antenna terminals 


For the short-circuited case and the conjugate-matched transmitting (radiating) case, 
the product of their currents and antenna impedance are related by [34] 


IZ4 = I% (Za + Z3) = 2RAIZ (2-131) 


where /* is the scattering current when the antenna is conjugate-matched (Z; = Z%). 
Substituting (2-131) into (2-130) for Z, reduces (2-130) to 


I* 
E'(Z,) = E'(Z4) - zt T*E' (2-132) 
t 


It can also be shown that if the antenna is matched with a load Z4 (instead of Z7), 
then (2-132) can be written as 


In 
E*(Z,) = E (Z4) — LDE (2-133) 
t 


Therefore the field scattered by an antenna loaded with an impedance Zz is related 
to the field radiated by the antenna in the transmitting mode in three different ways, 
as shown by (2-129), (2-132), and (2-133). According to (2-129) the field scattered by 
an antenna when it is loaded with an impedance Zz is equal to the field scattered by 
the antenna when it is short-circuited (Zz = 0) minus a term related to the antenna 
reflection coefficient and the field transmitted by the antenna. In addition, according 
to (2-132), the field scattered by an antenna when it is terminated with an impedance 
Zz is equal to the field scattered by the antenna when it is conjugate-matched with 
an impedance Z% minus the field transmitted (radiated) times the conjugate reflection 
coefficient. The second term is weighted by the two currents. Alternatively, according 
to (2-133), the field scattered by the antenna when it is terminated with an impedance 
Z, is equal to the field scattered by the antenna when it is matched with an impedance 
Za minus the field transmitted (radiated) times the reflection coefficient weighted by 
the two currents. 
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In (2-132) the first term consists of the structural scattering term and the second of 
the antenna mode scattering term. The structural scattering term is introduced by the 
currents induced on the surface of the antenna by the incident field when the antenna 
is conjugate-matched, and it is independent of the load impedance. The antenna mode 
scattering term is only a function of the radiation characteristics of the antenna, and 
its scattering pattern is the square of the antenna radiation pattern. The antenna mode 
depends on the power absorbed in the load of a lossless antenna and the power which 
is radiated by the antenna due to a load mismatch. This term vanishes when the antenna 
is conjugate-matched. 

From the scattered field expression of (2-129), it can be shown that the total radar 
cross section of the antenna terminated with a load Zz can be written as [40] 


o = |Va* — (14+ PA) a?el* |? (2-134) 


where 


o = total RCS with antenna terminated with Zz 
o? = RCS due to structural term 
c^ = RCS due to antenna mode term 
$r = relative phase between the structural and antenna mode terms 


If the antenna is short-circuited (T4 = —1), then according to (2-134) 
Oshort = O^ (2-135) 
If the antenna is open-circuited (T4 = +1), then according to (2-134) 
Sopen = IVa? — 2V/ael^ |? = asia (2-136) 
Lastly, if the antenna is matched Z; = Z4(T'4 = 0), then according to (2-134) 
Omateh = [Vo — Votet? (2-137) 


Therefore under matched conditions, according to (2-137), the range of values (mini- 
mum to maximum) of the radar cross section is 


lo? —o*| € o x |o? + 0% (2-138) 


The minimum value occurring when the two RCSs are in phase while the maximum 
occurs when they are out of phase. 


Example 2.17 


The structural RCS of a resonant wire dipole is in phase and in magnitude slightly greater 


than four times that of the antenna mode. Relate the short-circuited, open-circuited, and 
matched RCSs to that of the antenna mode. 
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Solution: Using (2-135) 


Oshort = AG antenna 


Using (2-136) 
Oopen = 2Oantenna (0) = 0 or very small 


The matched value is obtained using (2-137), or 


Omatch = Oantenna 


To produce a zero RCS, (2-134) must vanish. This is accomplished if 


Re(T4) = —1+ cos¢,./o'/o4 (2-139a) 
Im 4) = — sin ġ,y 0/0" (2-139b) 


Assuming positive values of resistances, the real value of T4 cannot be greater than 
unity. Therefore there are some cases where the RCS cannot be reduced to zero by 
choosing Z;. Because Z4 can be complex, there is no limit on the imaginary part of 
Ta. 

In general, the structural and antenna mode scattering terms are very difficult to 
predict and usually require that the antenna is solved as a boundary-value prob- 
lem. However, these two terms have been obtained experimentally utilizing the Smith 
chart [37]- [39]. 

For a monostatic system the receiving and transmitting antennas are collocated. In 
addition, if the antennas are identical (Go, = Gor = Go) and are polarization-matched 
(P, = P, = 1), the total radar cross section of the antenna for backscattering can be 


written as 


2 
o = —-G;A-r*P? (2-140) 
4r 


where A is a complex parameter independent of the load. 
If the antenna is a thin dipole, then A ~ 1 and (2-140) reduces to 


s 22 ZL- Z* 
oe UGS a A E que. 
4r Az ZL d Z4 
x3 2R, |° 
zage (2-141) 
An Zr, t ZA 


If in addition we assume that the dipole length is l = A9/2 and is short-circuited 
(Zr = 0), then the normalized radar cross section of (2-141) is equal to 


GÈ (1.643) 
9 a cL. GET eggs 3 i 86 (2-142) 
Ao T T 
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Figure 2.33 E-plane monostatic RCS (ooo) versus incidence angle for a half-wavelength 
dipole. 


which agrees with experimental corresponding maximum monostatic value of 
Figure 2.33 and those reported in the literature [41], [42]. 

Shown in Figure 2.33 is the measured E-plane monostatic RCS of a half-wavelength 
dipole when it is matched to a load, short-circuited (straight wire) and open-circuited 
(gap at the feed). The aspect angle is measured from the normal to the wire. As 
expected, the RCS is a function of the observation (aspect) angle. Also it is apparent 
that there are appreciable differences between the three responses. For the short- 
circuited case, the maximum value is approximately —24 dBsm which closely agrees 
with the computed value of —22.5 dBsm using (2-142). Similar responses for the mono- 
static RCS of a pyramidal horn are shown in Figure 2.34(a) for the E-plane and in 
Figure 2.34(b) for the H-plane. The antenna is a commercial X-band (8.2-12.4 GHz) 
20-dB standard gain horn with aperture dimension of 9.2 cm by 12.4 cm. The length of 
the horn is 25.6 cm. As for the dipole, there are differences between the three responses 
for each plane. It is seen that the short-circuited response exhibits the largest return. 

Antenna RCS from model measurements [43] and microstrip patches [44], [45] have 
been reported. 


2.18 ANTENNA TEMPERATURE 


Every object with a physical temperature above absolute zero (0 K = —273°C) radiates 
energy [6]. The amount of energy radiated is usually represented by an equivalent 
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Figure 2.34 ŒE- and H-plane monostatic RCS versus incidence angle for a pyramidal horn 
antenna. 
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temperature Tg, better known as brightness temperature, and it is defined as 
T3(0, $) = €(0,6)Tm = (1 — |L |?)Tn (2-143) 


where 


Tp = brightness temperature (equivalent temperature; K) 
€ = emissivity (dimensionless) 
Tn = molecular (physical) temperature (K) 
I'(0, $) = reflection coefficient of the surface for the polarization of the wave 


Since the values of emissivity are 0 < e < 1, the maximum value the brightness tem- 
perature can achieve is equal to the molecular temperature. Usually the emissivity is a 
function of the frequency of operation, polarization of the emitted energy, and molec- 
ular structure of the object. Some of the better natural emitters of energy at microwave 
frequencies are (a) the ground with equivalent temperature of about 300 K and (b) the 
sky with equivalent temperature of about 5 K when looking toward zenith and about 
100—150 K toward the horizon. 

The brightness temperature emitted by the different sources is intercepted by anten- 
nas, and it appears at their terminals as an antenna temperature. The temperature 
appearing at the terminals of an antenna is that given by (2-143), after it is weighted 
by the gain pattern of the antenna. In equation form, this can be written as 


2x m 
ji f Tp (0, $)G(0, $) sind d0 do 
yp A — (2-144) 


2x T 
f Í G(0, $) sin0 do d 
0 0 


where 


T4 = antenna temperature (effective noise temperature of the antenna 
radiation resistance; K) 
G(0, $) = gain (power) pattern of the antenna 


Assuming no losses or other contributions between the antenna and the receiver, the 
noise power transferred to the receiver is given by 


P, =kT,Af (2-145) 


P, = antenna noise power (W) 

k = Boltzmann's constant (1.38 x 1073 J/K) 
T4 = antenna temperature (K) 
Af = bandwidth (Hz) 


If the antenna and transmission line are maintained at certain physical temperatures, 
and the transmission line between the antenna and receiver is lossy, the antenna tem- 
perature T4 as seen by the receiver through (2-145) must be modified to include the 
other contributions and the line losses. If the antenna itself is maintained at a certain 
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Figure 2.35 Antenna, transmission line, and receiver arrangement for system noise power 
calculation. 


physical temperature T, and a transmission line of length /, constant physical temper- 
ature Tọ throughout its length, and uniform attenuation of œ (Np/unit length) is used 
to connect an antenna to a receiver, as shown in Figure 2.35, the effective antenna 
temperature at the receiver terminals is given by 


Ta = Tae’! ie Se (2-146) 


where i 
Tap = (— — i) T, (2-146a) 
eA 


T, = antenna temperature at the receiver terminals (K) 
T4 = antenna noise temperature at the antenna terminals (2-144) (K) 
Tap = antenna temperature at the antenna terminals due to physical temperature 
(2-146a) (K) 
T, = antenna physical temperature (K) 
a = attenuation coefficient of transmission line (Np/m) 
ea = thermal efficiency of antenna (dimensionless) 
| = length of transmission line (m) 
Ty = physical temperature of the transmission line (K) 


The antenna noise power of (2-145) must also be modified and written as 
P, = kT, Af (2-147) 


where 7; is the antenna temperature at the receiver input as given by (2-146). 
If the receiver itself has a certain noise temperature T, (due to thermal noise in the 
receiver components), the system noise power at the receiver terminals is given by 


P, = k(Ta + T)Af = kT, Af (2-148) 
where 
P, = system noise power (at receiver terminals) 
T, = antenna noise temperature (at receiver terminals) 
T, = receiver noise temperature (at receiver terminals) 
T, = T, + T, = effective system noise temperature (at receiver terminals) 
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A graphical relation of all the parameters is shown in Figure 2.35. The effective 
system noise temperature T, of radio astronomy antennas and receivers varies from 
very few degrees (typically ~ 10 K) to thousands of Kelvins depending upon the type 
of antenna, receiver, and frequency of operation. Antenna temperature changes at the 
antenna terminals, due to variations in the target emissions, may be as small as a 
fraction of one degree. To detect such changes, the receiver must be very sensitive and 
be able to differentiate changes of a fraction of a degree. 


Example 2.18 


The effective antenna temperature of a target at the input terminals of the antenna is 150 K. 
Assuming that the antenna is maintained at a thermal temperature of 300 K and has a thermal 
efficiency of 99% and it is connected to a receiver through an X-band (8.2—12.4 GHz) 
rectangular waveguide of 10 m (loss of waveguide = 0.13 dB/m) and at a temperature of 
300 K, find the effective antenna temperature at the receiver terminals. 

Solution: We first convert the attenuation coefficient from dB to Np by 
a(dB/m) = 20(log,) e)a(Np/m) = 20(0.434)a(Np/m) = 8.68a(Np/m). Thus a (Np/m) = 
a(dB/m)/8.68 = 0.13/8.68 = 0.0149. The effective antenna temperature at the receiver 
terminals can be written, using (2-146a) and (2-146), as 


Jh. = 150e 9.14905 a, 3.03e 9.1490) aL, 300[1 e Ze) 
= 111.345 + 2.249 + 77.31 = 190.904 K 


The results of the above example illustrate that the antenna temperature at the input 
terminals of the antenna and at the terminals of the receiver can differ by quite a 
few degrees. For a smaller transmission line or a transmission line with much smaller 
losses, the difference can be reduced appreciably and can be as small as a fraction of 
a degree. 

A summary of the pertinent parameters and associated formulas and equation num- 
bers for this chapter are listed in Table 2.3. 


2.19 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Java-based applet for computing and displaying graphically the directivity of 
an antenna. 

c. Matlab and Fortran computer program, designated Directivity, for computing 
the directivity of an antenna. A description of this program is in the READ ME 
file of the attached CD. 
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d. Matlab plotting computer programs: 
e 2-D Polar (designated as Polar). This program can be used to plot the two- 
dimensional patterns, in both polar and semipolar form (in linear or dB scale), 
of an antenna. 


e 3-D Spherical. This program (designated as Spherical) can be used to plot 
the three-dimensional pattern (in linear or dB scale) of an antenna in spheri- 
cal form. 

A description of these programs is in the corresponding READ ME files of the 

attached CD. 


e. Power Point (PPT) viewgraphs, in multicolor. 


TABLE 2.3 Summary of Important Parameters and Associated Formulas and Equation 
Numbers 


Equation 
Parameter Formula Number 


Infinitesimal area dA = r?sin0 d0 do 
of sphere 


Elemental solid dQ = sin 0 d0 do 
angle of sphere 


Average power 
density 


1 
Radiated Page Pau = fwa -ds = 5 f re x H*]- ds 
power/average $ 
radiated power 


S 


Radiation density 
of isotropic 
radiator 


2 


Radiation intensity U =P? Wraa = ByF(0,9) > = 
(far field) xi 


x [|Eo(r, 0, 4)? + | Eg (r, 0, 2)?] 


U 4nU 4n 


Directivity = Xm = B7 9. 
0 rad A 


D0, $) 


2m m 
Qa 2 f F, (0, ġ)sin0 dé do 
0 0 


Beam solid angle 
Qa 
F(6, 9) 


EOL) TO, Da: 


(continued overleaf ) 
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TABLE 2.3 (continued) 


Parameter 


Maximum 
directivity Do 


Partial directivities 
Do, Dg 


Approximate 
maximum 
directivity (one 
main lobe pattern) 


Approximate 
maximum 
directivity 
(omnidirectional 
pattern) 


Gain G(80, ¢) 


Antenna radiation 
efficiency eca 


Loss resistance Rz 
(straight 
wire/uniform 
current) 


Loss resistance Rz 
(straight wire/d /2 
dipole) 


Equation 


Formula Number 


Umax ats 4r Umax 


Dmax = Do = 
ic ? Uo Prad 


(2-16a) 


Do = Do + Dy 


ES 4r Uo Az Us 
» Prad i (Praa)o T (Praq)o 


Do 


D, = 4n Up _ 4nUy 
MN Prad E (Prado F (Prada) 


4n — 41253 
OO» O19», 
(Kraus) 
9 321n2 E 22.181 = 72,815 
i et, + 03, 7 Of, +03 7 Ofa + 03, 


(Tai-Pereira) 


Do — 
0 


101 
^. HPBW (degrees) — 0.0027[HPBW (degrees) |? 
(McDonald) 


| 1 
Do ~ —172.4 + 191 /0.818 + ——W 
` X " HPBW (degrees) 


(Pozar) 


Do 


G = eq DO, $) 


_ 4zU (0, o) =e i 2 


P, ü P, rad 


Prad = €ca Pin 
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TABLE 2.3 (continued) 


Equation 
Parameter Formula Number 
DAR 


Partial gains 
Go, Gg 


2 Gabs = e, G(0, $) = e,ea D(0, $) =(- IDe DO, o) 
Absolute gain 
Gan = eoD, $) 


Total antenna €0 = e,€ce4 = ej&u = (d — [Pca 
efficiency eo 


Reflection e, = (1 — |?) 
efficiency e, 


2x ôi 
Beam efficiency f f U (0, 9) sind d0 d$ 
BE BE = 729.29 02 2225 


2m m 
f I U (0, $) sind d0 d$ 
0 0 


Polarization loss PLF = | ĝu - bal? 
factor (PLF) 


Vector effective £,(0, $) = âolo (0, p) + Agly(O, Q) 
length £e (0, $) 


_ I . E"? 


Polarization Pe = TRR t, [EP 


efficiency p, 


Antenna Za = Ra + jX4 = (R, t RL) 4 
impedance Z4 


LAM A 
Maximum eme 8W; R.+ Ri rae T 


effective area Aem 
= (yeu, a 
xv OlPw ` Pa 
B A 


ps maximum effective area 
Aperture Eap = = 
: Ap physical area 
efficiency £5, 


(continued overleaf ) 
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TABLE 2.3 (continued) 


Equation 
Parameter Formula Number 


Friis transmission E ( 


i x2 
~~ 12 
Squation zz) Gor Gor |; - 6,1 


4r R 


Radar range | _ Gor Gor A à là, - Bel? 
equation 4r An Ri Ro posp 


Radar cross RSS ; IE]? 
section (RCS) (2-120a) 


H? 
— lim 4x R?! d 
Roo [Hi |2 


W, Ep 
o = lim [are] = lim Ls | | 
W, R—oo 


Brightness Tg (0, $) = £0, $)T,, = (1 — IV |?)Tin 
temperature 
Tg(0, $) 


2x m 
Antenna ji | Tg(0, $)G(0, $) sind d0 do 
temperature T4 Ty = 2—2 


2m x 
f f G(0, ) sind dé do 
Orr 0 
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PROBLEMS 


2.1. An antenna has a beam solid angle that is equivalent to a trapezoidal patch 
(patch with 4 sides, 2 of which are parallel to each other) on the surface of 
a sphere of radius r. The angular space of the patch on the surface of the 
sphere extends between 77/6 < 0 < 1/3(30° < 0 < 60°) in latitude and 7/4 < 
$ x 1/3(45* x $ x 60^) in longitude. Find the following: 

(a) Equivalent beam solid angle [which is equal to number of square radi- 
ans/steradians or (degrees)? ] of the patch [in square radians/steradians 
and in (degrees) ]. 

e Exact. 
e Approximate using $24 = AO - A® = (05 — 01) - ($2 — $1). Compare 
with the exact. 


(b) Corresponding antenna maximum directivities of part a (dimensionless and 
in dB). 


2.2. Derive (2-7) given the definitions of (2-5) and (2-6) 


2.3. A hypothetical isotropic antenna is radiating in free-space. At a distance 
of 100 m from the antenna, the total electric field (Eg) is measured to be 
5 V/m. Find the 


(a) power density (Wi) 
(b) power radiated (Pia) 


2.4. 


2.5. 


2.6. 


2.7. 


2.8. 
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Find the half-power beamwidth (HPBW) and first-null beamwidth (FNBW), in 
radians and degrees, for the following normalized radiation intensities: 


(a) U(0) = cos0 (b) U(0) = cos?0 
(c) U(@) = cos(20) (d) U(0) = cos?(20) ¢ (0 < 0 < 905,0 < $ < 360°) 
(e) U(0) = cos(30) (f) U(0) = cos?(30) 


Find the half-power beamwidth (HPBW) and first-null beamwidth (FNBW), in 
radians and degrees, for the following normalized radiation intensities: 

(a) U (0) = cos0 cos(20) 

(b) U(@) = cos? 0 cos?(20) 
(c) U (0) = cos(0) cos(30) 
(d) U (0) = cos?(0) cos?(30) 
(e) U (0) = cos(20) cos(30) 
(f) U(0) = cos?(20) cos? (30) 


(0 < 8 «905,0 < $ < 360°) 


The maximum radiation intensity of a 90% efficiency antenna is 200 mW/unit 
solid angle. Find the directivity and gain (dimensionless and in dB) when the 
(a) input power is 125.66 mW 

(b) radiated power is 125.66 mW 


The power radiated by a lossless antenna is 10 watts. The directional charac- 
teristics of the antenna are represented by the radiation intensity of 


(a) U = B, cos? 0 (watts/unit solid angle) 
(b) U = 2 (0x0 x7/2,0x $ < 21) 

For each, find the 

(a) maximum power density (in watts/square meter) at a distance of 1,000 m 

(assume far-field distance). Specify the angle where this occurs. 

(b) exact and approximate beam solid angle (24. 

(c) directivity, exact and approximate, of the antenna (dimensionless and in dB). 
(d) gain, exact and approximate, of the antenna (dimensionless and in dB). 


You are an antenna engineer and you are asked to design a high directivity/gain 
antenna for a space-borne communication system operating at 10 GHz. The 
specifications of the antenna are such that its pattern consists basically of one 
major lobe and, for simplicity, no minor lobes (if there are any minor lobes they 
are of such very low intensity and you can assume they are negligible/zero). 
Also it is desired that the pattern is symmetrical in the azimuthal plane. In 
order to meet the desired objectives, the main lobe of the pattern should have 
a half-power beamwidth of 10 degrees. In order to expedite the design, it is 
assumed that the major lobe of the normalized radiation intensity of the antenna 
is approximated by 
U (0, $) = cos" (0) 


and it exists only in the upper hemisphere (0 < 0 < 1/2,0 < $ < 27). Deter- 
mine the: 


(a) Value of n (not necessarily an integer) to meet the specifications of the 
major lobe. Keep 5 significant figures in your calculations. 


(b) Exact maximum directivity of the antenna (dimensionless and in dB). 
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2.9. 


2.10. 


2.11. 


2.12. 


2.13. 


2.14. 
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(c) Approximate maximum directivity of the antenna based on Kraus’ formula 
(dimensionless and in dB ). 


(d) Approximate maximum directivity of the antenna based on Tai & Pereira’s 
formula (dimensionless and in dB). 


In target-search ground-mapping radars it is desirable to have echo power 
received from a target, of constant cross section, to be independent of its range. 
For one such application, the desirable radiation intensity of the antenna is 
given by 


1 0° <6 < 20° 
U(6,o) = 10.342csc(0) 20° <6 < 60° 4+ 0° <¢ < 360° 
0 60° < 0 < 180° 


Find the directivity (in dB) using the exact formula. 


A beam antenna has half-power beamwidths of 30° and 35° in perpendicular 
planes intersecting at the maximum of the mainbeam. Find its approximate 
maximum effective aperture (in A?) using (a) Kraus’ and (b) Tai and Pereira's 
formulas. The minor lobes are very small and can be neglected. 


The normalized radiation intensity of a given antenna is given by 

(a) U = sinf sing (b U = sin sin? ¢ 

(c) U =siné sin? @ (d U= sin? 6 sin $ 

(e) U-sin0si$ ( U= sin? 0 sin? $ 

The intensity exists only in the 0 < 0 < m,0 < $ < z region, and it is zero 
elsewhere. Find the 

(a) exact directivity (dimensionless and in dB). 


(b) azimuthal and elevation plane half-power beamwidths (in degrees). 


Find the directivity (dimensionless and in dB) for the antenna of Problem 
2.11 using 


(a) Kraus’ approximate formula (2-26) 
(b) Tai and Pereira’s approximate formula (2-30a) 


For Problem 2.5, determine the approximate directivity (in dB) using 
(a) Kraus’ formula 
(b) Tai and Pereira’s formula. 


The normalized radiation intensity of an antenna is rotationally symmetric in 
$, and it is represented by 


1 0° «0 < 30° 
0.5 30° «0 < 60° 
0.1 60° <6 < 90° 
0 90° < 6 < 180° 


U = 


(a) What is the directivity (above isotropic) of the antenna (in dB)? 
(b) What is the directivity (above an infinitesimal dipole) of the antenna (in dB)? 


2.15. 


2.16. 


2.17. 


2.18. 


2.19. 


2.20. 
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The radiation intensity of an antenna is given by 
U (0, p) = cos 8 sin? ó 


for 0 < 0 < x/2 and 0 < $ < 2x (i.e., in the upper half-space). It is zero in 
the lower half-space. 
Find the 


(a) exact directivity (dimensionless and in dB) 
(b) elevation plane half-power beamwidth (in degrees) 


The normalized radiation intensity of an antenna is symmetric, and it can be 
approximated by 


1 0° <6 < 30° 

cos(0) 
U (0 — o o 
(8) 0.866 30° < 0 « 90 


0 90° «0 < 180° 


and it is independent of ¢. Find the 

(a) exact directivity by integrating the function 

(b) approximate directivity using Kraus' formula 

The maximum gain of a horn antenna is +20 dB, while the gain of its first 


sidelobe is —15 dB. What is the difference in gain between the maximum and 
first sidelobe: 


(a) in dB 
(b) as a ratio of the field intensities. 


The normalized radiation intensity of an antenna is approximated by 
U — sino 


where 0 < 0 < x, and 0 < $9 < 2z. Determine the directivity using the 

(a) exact formula 

(b) formulas of (2-33a) by McDonald and (2-33b) by Pozar 

(c) computer program Directivity of this chapter. 

Repeat Problem 2.18 for a 4/2 dipole whose normalized intensity is approxi- 


mated by : 
U ~ sin’ 0 


Compare the value with that of (4-91) or 1.643 (2.156 dB). 


The radiation intensity of a circular loop of radius a and of constant current is 
given by 


U = J? (kasin), 0-6-z and 0$ «2x 


where J; (x) is the Bessel function of order 1. For a loop with radii of a = 4/10 
and 4/20, determine the directivity using the: 
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2.21. 


2.22. 


2.23. 


2.24. 


2.25. 


2.26. 
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(a) formulas (2-33a) by McDonald and (2-33b) by Pozar. 
(b) computer program Directivity of this chapter. 


Compare the answers with that of a very small loop represented by 1.5 or 
1.76 dB. 


Find the directivity (dimensionless and in dB) for the antenna of Problem 2.11 
using numerical techniques with 10^ uniform divisions and with the field eval- 
uated at the 


(a) midpoint 
(b) trailing edge of each division. 


Compute the directivity values of Problem 2.11 using the Directivity computer 
program of this chapter. 


The far-zone electric-field intensity (array factor) of an end-fire two-element 
array antenna, placed along the z-axis and radiating into free-space, is given by 


—jkr 


T e 
E = cos|=(cos@ — 1) | 0O<0<r 


r , 
Find the directivity using 


(a) Kraus' approximate formula 
(b) the Directivity computer program of this chapter. 


Repeat Problem 2.23 when 


—jkr 
00cm 


T € 
E — cos ECT + | 


r , 
The radiation intensity is represented by 


" Toi sin), O<@0<z7/2and0<@<27 


0 elsewhere 


Find the directivity 
(a) exactly 
(b) using the computer program Directivity of this chapter. 


The radiation intensity of an aperture antenna, mounted on an infinite ground 
plane with z perpendicular to the aperture, is rotationally symmetric (not a 
function of @), and it is given by 


p e no 


x sin 


Find the approximate directivity (dimensionless and in dB) using 

(a) numerical integration. Use the Directivity computer program of this chapter. 
(b) Kraus’ formula 

(c) Tai and Pereira’s formula. 
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The normalized far-zone field pattern of an antenna is given by 


cs (sin@ cos? p)? 0-«0 <x andO0 € $ € 1/2,31/2 € < 2n 
~ 10 elsewhere 


Find the directivity using 
(a) the exact expression 
(b) Kraus’ approximate formula 
(c) Tai and Pereira’s approximate formula 
(d) the computer program Directivity of this chapter 
The normalized field pattern of the main beam of a conical horn antenna, 
mounted on an infinite ground plane with z perpendicular to the aperture, is 
given by 

J (ka sin 0) 

sin 0 

where a is its radius at the aperture. Assuming that a = A, find the 
(a) half-power beamwidth 
(b) directivity using Kraus’ approximate formula 


A base station cellular communication systems lossless antenna has a maximum 
gain of 16 dB (above isotropic) at 1,900 MHz. Assuming the input power to the 
antenna is 8 watts, what is the maximum radiated power density (in watts/cm?) 
at a distance of 100 meters? This will determine the safe level for human 
exposure to electromagnetic radiation. 

A uniform plane wave, of a form similar to (2-55), is traveling in the positive 
z-direction. Find the polarization (linear, circular, or elliptical), sense of rotation 
(CW or CCW), axial ratio (AR), and tilt angle t (in degrees) when 

(a) E; = Ey, Ad = by —ó; —0 

(b) Ex # Ey, Ap = by — 6; —0 

(c) E; = Ey, Ab = by — by = 7/2 

(d) By = Ey, Ao = dy z dx = —r/2 

(e) E; = Ey, Ab = by — à; = 7/4 

(f) E, = Ey, Ag = dy — px = —r/4 

(g E, 20.5E, Ad = by — & = 1/2 

(h) E, =0.5£,, Ad = 0, — & = —n/2 

In all cases, justify the answer. 

Derive (2-66), (2-67), and (2-68). 

Write a general expression for the polarization loss factor (PLF) of two linearly 
polarized antennas if 

(a) both lie in the same plane 

(b) both do not lie in the same plane 

A linearly polarized wave traveling in the positive z-direction is incident upon a 


circularly polarized antenna. Find the polarization loss factor PLF (dimensionless 
and in dB) when the antenna is (based upon its transmission mode operation) 
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(a) right-handed (CW) 
(b) left-handed (CCW) 


A 300 MHz uniform plane wave, traveling along the x-axis in the negative x 
direction, whose electric field is given by 


E, = E,(jà, + 3à;)e t} 


where E, is a real constant, impinges upon a dipole antenna that is placed at 
the origin and whose electric field radiated toward the x-axis in the positive x 
direction 1s given by 

E, = E, (â, + 2à))e 7 


where E, is a real constant. Determine the following: 


(a) Polarization of the incident wave (including axial ratio and sense of rotation, 
if any). You must justify (state why?). 


(b) Polarization of the antenna (including axial ratio and sense of rotation, if 
any). You must justify (state why?). 


(c) Polarization loss factor (dimensionless and in dB ). 


z 


Incident Wave x Antenna 


y 
The electric field of a uniform plane wave traveling along the negative z direc- 
tion is given by 


EŻ, = (âx + jà,) Ese" 


and is incident upon a receiving antenna placed at the origin and whose radiated 
electric field, toward the incident wave, is given by 


e 


E, = (à, + 20) Ej — 
Determine the following: 
(a) Polarization of the incident wave, and why? 
(b) Sense of rotation of the incident wave. 
(c) Polarization of the antenna, and why? 
(d) Sense of rotation of the antenna polarization. 


(e) Losses (dimensionless and in dB) due to polarization mismatch between 
the incident wave and the antenna. 
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A ground-based helical antenna is placed at the origin of a coordinate system 
and it is used as a receiving antenna. The normalized far-zone electric-field 
pattern of the helical antenna in the transmitting mode is represented in the 
direction 6,, $, by 


" x e kr 
E, — Ejjào s 24$) fo (00, do) 


The far-zone electric field transmitted by an antenna on a flying aircraft towards 
05, o, which is received by the ground-based helical antenna, is represented by 


: . etik" 
E, = E; (2àe + jag) fi (05. Qo) 


r 


Determine the following: 


(a) Polarization (linear, circular, or elliptical) of the helical antenna in the 
transmitting mode. State also the sense of rotation, if any. 


(b) Polarization (linear, circular, or elliptical) of the incoming wave that 
impinges upon the helical antenna. State also the sense of rotation, if any. 


(c) Polarization loss (dimensionless and in dB) due to match/mismatch of the 
polarizations of the antenna and incoming wave. 


A circularly polarized wave, traveling in the positive z-direction, is incident 
upon a circularly polarized antenna. Find the polarization loss factor PLF 
(dimensionless and in dB) for right-hand (CW) and left-hand (CCW) wave 
and antenna. 


The electric field radiated by a rectangular aperture, mounted on an infinite 
ground plane with z perpendicular to the aperture, is given by 


E = [8o cos  — ag sing cos0] f (r, 0, p) 


where f(r, 0, $) is a scalar function which describes the field variation of the 
antenna. Assuming that the receiving antenna is linearly polarized along the 
x-axis, find the polarization loss factor (PLF). 


A circularly polarized wave, traveling in the +z-direction, is received by an 
elliptically polarized antenna whose reception characteristics near the main lobe 
are given approximately by 


E, ~ [2à, + jay] f(r, 0, 9) 


Find the polarization loss factor PLF (dimensionless and in dB) when the inci- 
dent wave is 


(a) right-hand (CW) 
(b) left-hand (CCW) 
circularly polarized. Repeat the problem when 


E, ~ [2à, — jà,]f (r, 0, $) 
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In each case, what is the polarization of the antenna? How does it match with 
that of the wave? 


A linearly polarized wave traveling in the negative z-direction has a tilt angle 
(1) of 45°. It is incident upon an antenna whose polarization characteristics are 
given by 
A 44. + jay 
É V17 


Find the polarization loss factor PLF (dimensionless and db). 


An elliptically polarized wave traveling in the negative z-direction is received 
by a circularly polarized antenna whose main lobe is along the 0 = 0 direction. 
The unit vector describing the polarization of the incident wave is given by 


p, — A t jâ 
w J5 


Find the polarization loss factor PLF (dimensionless and in dB) when the wave 
that would be transmitted by the antenna is 


(a) right-hand CP 
(b) left-hand CP 


A CW circularly polarized uniform plane wave is traveling in the +z direction. 
Find the polarization loss factor PLF (dimensionless and in dB) assuming the 
receiving antenna (in its transmitting mode) is 

(a) CW circularly polarized 

(b) CCW circularly polarized 


A linearly polarized uniform plane wave traveling in the +z direction, with 

a power density of 10 milliwatts per square meter, is incident upon a CW 

circularly polarized antenna whose gain is 10 dB at 10 GHz. Find the 

(a) maximum effective area of the antenna (in square meters) 

(b) power (in watts) that will be delivered to a load attached directly to the 
terminals of the antenna. 


A linearly polarized plane wave traveling along the negative z-axis is incident 
upon an elliptically polarized antenna (either CW or CCW). The axial ratio 
of the antenna polarization ellipse is 2:1 and its major axis coincides with the 
principal x-axis. Find the polarization loss factor (PLF) assuming the incident 
wave is linearly polarized in the 

(a) x-direction 

(b) y-direction 


A wave traveling normally outward from the page (toward the reader) is 
the resultant of two elliptically polarized waves, one with components of E 
given by: 


E, = 3 cos øt 


€, = 7 cos (ot + =) 
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and the other with components given by: 


E = 2 cos ot 
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g = 3 cos (or — z) 


(a) What is the axial ratio of the resultant wave? 


(b) Does the resultant vector E rotate clockwise or counterclockwise? 


A linearly polarized antenna lying in the x-y plane is used to determine the 
polarization axial ratio of incoming plane waves traveling in the negative z- 
direction. The polarization of the antenna is described by the unit vector 


Pa = A, cos y + A, sin y 


PLF 
© 
in 


0.3 - - 
0.2 - J 
olp 4 


| l i i i i l 
0 50 100 150 200 250 300 350 
y (deg) 


(a) PLF versus y 


PLF 


i ji i i i l i 
50 100 150 200 250 300 350 
y (deg) 


(b) PLF versus y 


PLF 


(c) PLF versus y 


i 1 1 1 | 
0 50 100 150 200 250 300 350 
y (deg) 


where w is an angle describing the orientation in the x-y plane of the receiving 
antenna. Above are the polarization loss factor (PLF) versus receiving antenna 
orientation curves obtained for three different incident plane waves. For each 
curve determine the axial ratio of the incident plane wave. 


A 4/2 dipole, with a total loss resistance of 1 ohm, is connected to a generator 
whose internal impedance is 50 + j25 ohms. Assuming that the peak voltage 
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of the generator is 2 V and the impedance of the dipole, excluding the loss 
resistance, is 73 + j42.5 ohms, find the power 


(a) supplied by the source (real) 
(b) radiated by the antenna 
(c) dissipated by the antenna 


The antenna and generator of Problem 2.47 are connected via a 50-ohm A/2- 
long lossless transmission line. Find the power 

(a) supplied by the source (real) 

(b) radiated by the antenna 

(c) dissipated by the antenna 


An antenna with a radiation resistance of 48 ohms, a loss resistance of 2 ohms, 
and a reactance of 50 ohms is connected to a generator with open-circuit voltage 
of 10 V and internal impedance of 50 ohms via a A/4-long transmission line 
with characteristic impedance of 100 ohms. 

(a) Draw the equivalent circuit 

(b) Determine the power supplied by the generator 

(c) Determine the power radiated by the antenna 


A transmitter, with an internal impedance Zp (real), is connected to an antenna 
through a lossless transmission line of length / and characteristic impedance 
Zo. Find a simple expression for the ratio between the antenna gain and its 
realized gain. 


Zo d l | 
| | 
| | B 
V; l Z, | in V(x) 2 A [e + TOC] 
HA ue ' 
l IQ) = 7- [e jks L p(9yetier] 
Transmitter | Transmission line | Antenna 9 


V, = strength of voltage source 

Zin = Rin + j Xj, = input impedance of the antenna 

Zo = Ro = characteristic impedance of the line 

Paccepted = power accepted by the antenna { Pacceptea = Re[V (0)/* (0) ]} 
Payailable = power delivered to a matched load [i.e., Zin = ZŠ = Zo] 


The input reactance of an infinitesimal linear dipole of length 4/60 and radius 
a = 4/200 is given by 


[In(£/2a) — 1] 


X in x —120 
tan(k£/2) 


Assuming the wire of the dipole is copper with a conductivity of 5.7 x 10'S/m, 
determine at f = 1 GHz the 


(a) loss resistance 
(b) radiation resistance 
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(c) radiation efficiency 
(d) VSWR when the antenna is connected to a 50-ohm line 


2.52. A dipole antenna consists of a circular wire of length /. Assuming the current 
distribution on the wire is cosinusoidal, i.e., 


I,(z) = Ip cos (Fz) — 1/2 < z’ <1/2 


where Jọ is a constant, derive an expression for the loss resistance Rz, which 
is one-half of (2-90b). 


2.53. The E-field pattern of an antenna, independent of $, varies as follows: 


1 0° <6 < 45° 
E=30 45° <60<90° 
i 90 < 6 < 180° 
(a) What is the directivity of this antenna? 
(b) What is the radiation resistance of the antenna at 200 m from it if the field 
is equal to 10 V/m (rms) for 0 = 0° at that distance and the terminal current 
is 5 A (rms)? 


2.54. The far-zone field radiated by a rectangular aperture mounted on a ground 
plane, with dimensions a and b and uniform aperture distribution, is given by 
(see Table 12.1) 


E 7: üg Eg + âg Es 


E Csi qp X ka . 0 $: 0<6 «90 
= Csin = — sinf cos à; <0 < 
* X Y 2 

sin X sinY 


kb 
Ey = C cos0 cos @ Y= sing sing; 0 x $ x 180° 


X Y 
where C is a constant and 0 < 0 < 90° and 0 < $ < 180°. For an aperture with 
a = 34, b = 24, determine the 

(a) maximum partial directivities De, Dg (dimensionless and in dB) and 


(b) total maximum directivity D, (dimensionless and in dB). Compare with 
that computed using the equation in Table 12.1. 


Use the computer program Directivity of this chapter. 


2.55. Repeat Problem 2.54 when the aperture distribution is that of the dominant 
TE;o mode of a rectangular waveguide, or from Table 12.1 


ER ag Eg + ag Es 
cos X sin Y 


Eo = -5Csinġ 


2 k 
(x)? - (2) 5 X = Z sing cos 


cos X sinY 
zX.2 y 
x? - (7) 
(X) 2 


TL kb . ' 
Bp a5 CIUS OSH P= osig 
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Repeat Problem 2.55 when the aperture dimensions are those of an X-band 
rectangular waveguide with a — 2.286 cm (0.9 in.), b — 1.016 cm (0.4 in.) and 
frequency of operation is 10 GHz. 


Repeat Problem 2.54 for a circular aperture with a uniform distribution and 
whose far-zone fields are, from Table 12.2 
E xX üg Eg + ag E, 


J\(Z) " 
Z Z-—kasin0; O0<6<90 


Z o 
E, = jC cos cos o 21€ oo < 180 


Eo = IC sind 


where C| is a constant and J; (Z) is the Bessel function of the first kind. Assume 
a = 1.54. 


Repeat Problem 2.57 when the aperture distribution is that of the dominant 
TE,; mode of a circular waveguide, or from Table 12.2 


EX âg Eo + âg Eg 
J\(Z) 


Eg CO Z =kasin6: 0-6 < 90° 
J'(Z / A o 
E, = Cz cosd cos 5 {ZDEJ  0<¢ = 180 
— JA402/Z; 
Xi 


where C; is a constant, Jj (Z) is the derivative of Jı (Z), x;,; = 1.841 is the first 
zero of Jj (Z), and J,(Z) is the Bessel function of the first kind of order zero. 


Repeat 2.58 when the radius of the aperture is a — 1.143 cm (0.45 in.) and the 
frequency of operation is 10 GHz. 


A l-m long dipole antenna is driven by a 150 MHz source having a source 
resistance of 50 ohms and a voltage of 100 V. If the ohmic resistance of the 
antennas is given by Rz = 0.625 ohms, find the: 


(a) Current going into the antenna (Zant) 
(b) Power dissipated by the antenna 

(c) Power radiated by the antenna 

(d) Radiation efficiency of the antenna 


The field radiated by an infinitesimal dipole of very small length (£ < 4/50), 
and of uniform current distribution J,, is given by (4-26a) or 


kl s. 
E= dg Eo A dig jn———e IK” sin 0 
4rr 
Determine the 
(a) vector effective length 
(b) maximum value of the vector effective length. Specify the angle. 
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(c) ratio of the maximum effective length to the physical length 4. 


The field radiated by a half-wavelength dipole (£ = 4/2), with a sinusoidal 
current distribution, is given by (4-84) or 


T 

I l cos (5 cos 6) 

E = âp Eo © Gg jn——e i" —— 
2nr sin 0 


where J, is the maximum current. Determine the 

(a) vector effective length 

(b) maximum value of the vector effective length. Specify the angle. 
(c) ratio of the maximum effective length to the physical length 4. 


A uniform plane wave, of 10 ?^watts/cm? power density, is incident upon an 
infinitesimal dipole of length £ = 4/50 and uniform current distribution, as 
shown in Figure 2.29(a). For a frequency of 10 GHz, determine the maximum 
open-circuited voltage at the terminals of the antenna. See Problem 2.61. 


Repeat Problem 2.63 for a small dipole with triangular current distribution and 
length £ = 4/10. See Example 2.14. 


Repeat Problem 2.63 for a half-wavelength dipole (£ = A/2) with sinusoidal 
current distribution. See Problem 2.62. 


Show that the effective length of a linear antenna can be written as 


Ael Z? 
nRr 


lz 


which for a lossless antenna and maximum power transfer reduces to 


Aem R, 
n 


Il, =2 


Ae and Aem represent, respectively, the effective and maximum effective aper- 
tures of the antenna while 7 is the intrinsic impedance of the medium. 


An antenna has a maximum effective aperture of 2.147 m? at its operating 
frequency of 100 MHz. It has no conduction or dielectric losses. The input 
impedance of the antenna itself is 75 ohms, and it is connected to a 50-ohm 
transmission line. Find the directivity of the antenna system ( "system" mean- 
ing includes any effects of connection to the transmission line). Assume no 
polarization losses. 


A small circular parabolic reflector, often referred to as dish, is now being 
advertised as a TV antenna for direct broadcast. Assuming the diameter of 
the antenna is 1 meter, the frequency of operation is 3 GHz, and its aperture 
efficiency is 68%, determine the following: 


(a) Physical area of the reflector (in m? ). 
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(b) Maximum effective area of the antenna (in m? ). 

(c) Maximum directivity (dimensionless and in dB). 

(d) Maximum power (in watts) that can be delivered to the TV if the power 
density of the wave incident upon the antenna is /0 jwatts/m?. Assume 
no losses between the incident wave and the receiver (TV). 


An incoming wave, with a uniform power density equal to 10? W/m? is inci- 
dent normally upon a lossless horn antenna whose directivity is 20 dB. At a 
frequency of 10 GHz, determine the very maximum possible power that can be 
expected to be delivered to a receiver or a load connected to the horn antenna. 
There are no losses between the antenna and the receiver or load. 


A linearly polarized aperture antenna, with a uniform field distribution over its 
area, is used as a receiving antenna. The antenna physical area over its aperture 
is 10 cm?, and it is operating at 10 GHz. The antenna is illuminated with a 
circularly polarized plane wave whose incident power density is 10 mwatts/cm?. 
Assuming the antenna element itself is lossless, determine its 


(a) gain (dimensionless and in dB). 


(b) maximum power (in watts) that can be delivered to a load connected to the 
antenna. Assume no other losses between the antenna and the load. 


The far-zone power density radiated by a helical antenna can be approxi- 
mated by 


2 1 
W aa = Wave x d, Co 2 cost 8 
r 


The radiated power density is symmetrical with respect to $, and it exists only 
in the upper hemisphere (0 < 0 < 1/2,0 x $ < 2z); C, is a constant. 
Determine the following: 

(a) Power radiated by the antenna (in watts). 

(b) Maximum directivity of the antenna (dimensionless and in dB) 

(c) Direction (in degrees) along which the maximum directivity occurs. 

(d) Maximum effective area (in m?) at 1 GHz. 


(e) Maximum power (in watts) received by the antenna, assuming no losses, 
at 1 GHz when the antenna is used as a receiver and the incident power 
density is 10 mwatts/m’ . 


For an X-band (8.2—12.4 GHz) rectangular horn, with aperture dimensions of 
5.5 cm and 7.4 cm, find its maximum effective aperture (in cm?) when its gain 
(over isotropic) is 

(a) 14.8 dB at 8.2 GHz 

(b) 16.5 dB at 10.3 GHz 

(c) 18.0 dB at 12.4 GHz 


For Problem 2.54 compute the 


(a) maximum effective area (in A?) using the computer program Directiv- 
ity of this chapter. Compare with that computed using the equation in 
Table 12.1. 
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(b) aperture efficiencies of part (a). Are they smaller or larger than unity 
and why? 


Repeat Problem 2.73 for Problem 2.55. 
Repeat Problem 2.73 for Problem 2.56. 
Repeat Problem 2.73 for Problem 2.57. Compare with those in Table 12.2. 
Repeat Problem 2.73 for Problem 2.58. Compare with those in Table 12.2. 
Repeat Problem 2.73 for Problem 2.59. Compare with those in Table 12.2. 


A 30-dB, right-circularly polarized antenna in a radio link radiates 5 W of power 
at 2 GHz. The receiving antenna has an impedance mismatch at its terminals, 
which leads to a VSWR of 2. The receiving antenna is about 95% efficient and 
has a field pattern near the beam maximum given by E, = (24, + jà,) F, (0, 9). 
The distance between the two antennas is 4,000 km, and the receiving antenna is 
required to deliver 107!^ W to the receiver. Determine the maximum effective 
aperture of the receiving antenna. 


The radiation intensity of an antenna can be approximated by 


cos*(@) 0° <@ < 90° ` ; 
U(0,¢) = with 0° < $ < 360 
0 90° < 0 « 180° 


Determine the maximum effective aperture (in m?) of the antenna if its fre- 
quency of operation is f = 10 GHz. 


A communication satellite is in stationary (synchronous) orbit about the earth 
(assume altitude of 22,300 statute miles). Its transmitter generates 8.0 W. 
Assume the transmitting antenna is isotropic. Its signal is received by the 210- 
ft diameter tracking paraboloidal antenna on the earth at the NASA tracking 
station at Goldstone, California. Also assume no resistive losses in either 
antenna, perfect polarization match, and perfect impedance match at both 
antennas. At a frequency of 2 GHz, determine the: 

(a) power density (in watts/m?) incident on the receiving antenna. 


(b) power received by the ground-based antenna whose gain is 60 dB. 


A lossless (eca = 1) antenna is operating at 100 MHz and its maximum effective 
aperture is 0.7162 m? at this frequency. The input impedance of this antenna is 
75 ohms, and it is attached to a 50-ohm transmission line. Find the directivity 
(dimensionless) of this antenna if it is polarization-matched. 


A resonant, lossless (e.g = 1.0) half-wavelength dipole antenna, having a direc- 
tivity of 2.156 dB, has an input impedance of 73 ohms and is connected to a 
lossless, 50 ohms transmission line. A wave, having the same polarization as 
the antenna, is incident upon the antenna with a power density of 5 W/m? at 
a frequency of 10 MHz. Find the received power available at the end of the 
transmission line. 


Two X-band (8.2—12.4 GHz) rectangular horns, with aperture dimensions of 
5.5 cm and 7.4 cm and each with a gain of 16.3 dB (over isotropic) at 10 GHz, 
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are used as transmitting and receiving antennas. Assuming that the input power 
is 200 mW, the VSWR of each is 1.1, the conduction-dielectric efficiency is 
100%, and the antennas are polarization-matched, find the maximum received 
power when the horns are separated in air by 

(a 5m (b)50m (c) 500m 


Transmitting and receiving antennas operating at 1 GHz with gains (over 
isotropic) of 20 and 15 dB, respectively, are separated by a distance of 1 km. 
Find the maximum power delivered to the load when the input power is 150 W. 
Assume that the 


(a) antennas are polarization-matched 


(b) transmitting antenna is circularly polarized (either right- or left-hand) and 
the receiving antenna is linearly polarized. 


Two lossless, polarization-matched antennas are aligned for maximum radiation 
between them, and are separated by a distance of 50A. The antennas are matched 
to their transmission lines and have directivities of 20 dB. Assuming that the 
power at the input terminals of the transmitting antenna is 10 W, find the power 
at the terminals of the receiving antenna. 


Repeat Problem 2.86 for two antennas with 30 dB directivities and separated 
by 100A. The power at the input terminals is 20 W. 


Transmitting and receiving antennas operating at 1 GHz with gains of 20 and 
15 dB, respectively, are separated by a distance of 1 km. Find the power deliv- 
ered to the load when the input power is 150 W. Assume the PLF = 1. 


A series of microwave repeater links operating at 10 GHz are used to relay tele- 
vision signals into a valley that is surrounded by steep mountain ranges. Each 
repeater consists of a receiver, transmitter, antennas, and associated equipment. 
The transmitting and receiving antennas are identical horns, each having gain 
over isotropic of 15 dB. The repeaters are separated in distance by 10 km. For 
acceptable signal-to-noise ratio, the power received at each repeater must be 
greater than 10 nW. Loss due to polarization mismatch is not expected to exceed 
3 dB. Assume matched loads and free-space propagation conditions. Determine 
the minimum transmitter power that should be used. 


A one-way communication system, operating at 100 MHz, uses two identical 
^./2 vertical, resonant, and lossless dipole antennas as transmitting and receiv- 
ing elements separated by 10 km. In order for the signal to be detected by the 
receiver, the power level at the receiver terminals must be at least 1 yW. Each 
antenna is connected to the transmitter and receiver by a lossless 50-Q trans- 
mission line. Assuming the antennas are polarization-matched and are aligned 
so that the maximum intensity of one is directed toward the maximum radiation 
intensity of the other, determine the minimum power that must be generated 
by the transmitter so that the signal will be detected by the receiver. Account 
for the proper losses from the transmitter to the receiver. 


In a long-range microwave communication system operating at 9 GHz, the 
transmitting and receiving antennas are identical, and they are separated by 
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10,000 m. To meet the signal-to-noise ratio of the receiver, the received power 
must be at least 10 pW. Assuming the two antennas are aligned for maximum 
reception to each other, including being polarization-matched, what should the 
gains (in dB) of the transmitting and receiving antennas be when the input 
power to the transmitting antenna is 10 W? 


A mobile wireless communication system operating at 2 GHz utilizes two anten- 
nas, one at the base station and the other at the mobile unit, which are separated 
by 16 kilometers. The transmitting antenna, at the base station, is circularly- 
polarized while the receiving antenna, at the mobile station, is linearly polarized. 
The maximum gain of the transmitting antenna is 20 dB while the gain of the 
receiving antennas is unknown. The input power to the transmitting antenna 
is 700 watts and the power received at the receiver, which is connected to 
the receiving antenna, is 5 nanowatts. Assuming that the two antennas are 
aligned so that the maximum of one is directed toward the maximum of the 
other, and also assuming no reflection/mismatch losses at the transmitter or the 
receiver, what is the maximum gain of the receiving antenna (dimensions and 
in dB)? 


A rectangular X-band horn, with aperture dimensions of 5.5 cm and 7.4 cm and 
a gain of 16.3 dB (over isotropic) at 10 GHz, is used to transmit and receive 
energy scattered from a perfectly conducting sphere of radius a = 54. Find the 
maximum scattered power delivered to the load when the distance between the 
horn and the sphere is 

(a) 200A (b) 500A 

Assume that the input power is 200 mW, and the radar cross section is equal 
to the geometrical cross section. 


A radar antenna, used for both transmitting and receiving, has a gain of 150 
(dimensionless) at its operating frequency of 5 GHz. It transmits 100 kW, and 
is aligned for maximum directional radiation and reception to a target 1 km 
away having a radar cross section of 3 m?. The received signal matches the 
polarization of the transmitted signal. Find the received power. 


In an experiment to determine the radar cross section of a Tomahawk cruise 
missile, a 1,000 W, 300 MHz signal was transmitted toward the target, and the 
received power was measured to be 0.1425 mW. The same antenna, whose 
gain was 75 (dimensionless), was used for both transmitting and receiving. 
The polarizations of both signals were identical (PLF — 1), and the distance 
between the antenna and missile was 500 m. What is the radar cross section of 
the cruise missile? 


Repeat Problem 2.95 for a radar system with 1,000 W, 100 MHz transmitted 
signal, 0.01 W received signal, an antenna with a gain of 75 (dimensionless), 
and separation between the antenna and target of 700 m. 


The maximum radar cross section of a resonant linear 4/2 dipole is approx- 
imately 0.8642. For a monostatic system (i.e., transmitter and receiver at the 
same location), find the received power (in W) if the transmitted power is 
100 W, the distance of the dipole from the transmitting and receiving antennas 
is 100 m, the gain of the transmitting and receiving antennas is 15 dB each, 
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and the frequency of operation is 3 GHz. Assume a polarization loss factor of 
—] dB. 


The effective antenna temperature of an antenna looking toward zenith is 
approximately 5 K. Assuming that the temperature of the transmission line 
(waveguide) is 72 °F, find the effective temperature at the receiver terminals 
when the attenuation of the transmission line is 4 dB/100 ft and its length is 
(a) 2 ft (b) 100 ft 

Compare it to a receiver noise temperature of about 54 K. 


Derive (2-146). Begin with an expression that assumes that the physical tem- 
perature and the attenuation of the transmission line are not constant. 
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Radiation Integrals and Auxiliary 
Potential Functions 


3.4 INTRODUCTION 


In the analysis of radiation problems, the usual procedure is to specify the sources and 
then require the fields radiated by the sources. This is in contrast to the synthesis problem 
where the radiated fields are specified, and we are required to determine the sources. 

It is a very common practice in the analysis procedure to introduce auxiliary func- 
tions, known as vector potentials, which will aid in the solution of the problems. The 
most common vector potential functions are the A (magnetic vector potential) and F 
(electric vector potential). Another pair is the Hertz potentials II, and Ty. Although 
the electric and magnetic field intensities (E and H) represent physically measurable 
quantities, among most engineers the potentials are strictly mathematical tools. 'The 
introduction of the potentials often simplifies the solution even though it may require 
determination of additional functions. While it is possible to determine the E and H 
fields directly from the source-current densities J and M, as shown in Figure 3.1, it is 
usually much simpler to find the auxiliary potential functions first and then determine 
the E and H. This two-step procedure is also shown in Figure 3.1. 

The one-step procedure, through path 1, relates the E and H fields to J and M by 
integral relations. The two-step procedure, through path 2, relates the A and F (or II, 
and II;) potentials to J and M by integral relations. The E and H are then determined 
simply by differentiating A and F (or II, and II;). Although the two-step procedure 
requires both integration and differentiation, where path 1 requires only integration, 
the integrands in the two-step procedure are much simpler. 

The most difficult operation in the two-step procedure is the integration to determine 
A and F (or II, and II;). Once the vector potentials are known, then E and H can 
always be determined because any well-behaved function, no matter how complex, can 
always be differentiated. 

The integration required to determine the potential functions is restricted over the 
bounds of the sources J and M. This will result in the A and F (or II, and II;) to 
be functions of the observation point coordinates; the differentiation to determine E 
and H must be done in terms of the observation point coordinates. The integration 
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Integration 


Sources path 1 Radiated fields 
J,M E, H 


Integration 
path 2 


Differentiation, 


Vector potentials 
A, F 
or 
IL, Tl, 


Figure 3.1 Block diagram for computing fields radiated by electric and magnetic sources. 


(x,y,z) 


(x', y', z') 


(b) Source not at origin 


Figure 3.2 Coordinate systems for computing fields radiated by sources. 
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in the one-step procedure also requires that its limits be determined by the bounds of 
the sources. 

The vector Hertz potential II, is analogous to A and II, is analogous to F. The 
functional relation between them is a proportionality constant which is a function of the 
frequency and the constitutive parameters of the medium. In the solution of a problem, 
only one set, A and F or II, and Hy, is required. The author prefers the use of A and 
F, which will be used throughout the book. The derivation of the functional relations 
between A and I., and F and II; are assigned at the end of the chapter as problems. 
(Problems 3.1 and 3.2). 


3.2 THE VECTOR POTENTIAL A FOR AN ELECTRIC CURRENT SOURCE J 
The vector potential A is useful in solving for the EM field generated by a given har- 
monic electric current J. The magnetic flux B is always solenoidal; that is, V - B = 0. 
Therefore, it can be represented as the curl of another vector because it obeys the 
vector identity 

V-VxA=0 (3-1) 
where A is an arbitrary vector. Thus we define 


Ba = uH = VxA (3-2) 


or 


(3-2a) 


where subscript A indicates the field due to the A potential. Substituting (3-2a) into 
Maxwell’s curl equation 


Vx Ea = — jouHAa (3-3) 
reduces it to 
V x Ey = —jowHy = —joV x A (3-4) 
which can also be written as 
V x [E4 + joA] = 0 (3-5) 
From the vector identity 
V x (-V¢,.) = 0 (3-6) 
and (3-5), it follows that 
E, + joA = -V¢. (3-7) 


or 


E, = - Và, — joA (3-7a) 
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The scalar function ¢ represents an arbitrary electric scalar potential which is a func- 
tion of position. 
Taking the curl of both sides of (3-2) and using the vector identity 
VxVxA=V(V-A)—-VWA (3-8) 


reduces it to 
V x (uH4) = V(V- A) - VA (3-8a) 


For a homogeneous medium, (3-82) reduces to 
uv xH4 — V(V-A) — VA (3-9) 


Equating Maxwell's equation 


V x Hi =J+ jweE, (3-10) 


uJ + joueE, = V (V - A) - VA (3-11) 


to (3-9) leads to 


Substituting (3-7a) into (3-11) reduces it to 


VA+KRA = —pJ + V(V - A) - V(jojeóe) 
— —uJ t V(V-A- joue.) 


(3-12) 


where k? = o? ue. 
In (3-2), the curl of A was defined. Now we are at liberty to define the divergence 
of A, which is independent of its curl. In order to simplify (3-12), let 


1 
V-A=—jweude ? be = —— V-A (3-13) 
joue 


which is known as the Lorentz condition. Substituting (3-13) into (3-12) leads to 


VWA+KRA = -uJ (3-14) 


In addition, (3-7a) reduces to 


1 
E, = —Vó, — joA = —joA — j—V(V - A) (3-15) 
OTT 


Once A is known, H4 can be found from (3-2a) and E; from (3-15). E4 can just as 
easily be found from Maxwell’s equation (3-10) with J = 0. It will be shown later how 
to find A in terms of the current density J. It will be a solution to the inhomogeneous 
Helmholtz equation of (3-14). 
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3.3 THE VECTOR POTENTIAL F FOR A MAGNETIC CURRENT SOURCE M 


Although magnetic currents appear to be physically unrealizable, equivalent magnetic 
currents arise when we use the volume or the surface equivalence theorems. The fields 
generated by a harmonic magnetic current in a homogeneous region, with J = 0 but 
M + 0, must satisfy V - D = 0. Therefore, Er can be expressed as the curl of the 
vector potential F by 


1 
EM xF (3-16) 


Substituting (3-16) into Maxwell’s curl equation 
Vx Hr = jocEr (3-17) 


reduces it to 
V x (Hp + joF) —0 (3-18) 


From the vector identity of (3-6), it follows that 


Hr = —-Vó, — joF (3-19) 


where $,, represents an arbitrary magnetic scalar potential which is a function of 
position. Taking the curl of (3-16) 


1 1 
V x Er =—--VxVxF=-—-[VV-F-— V?F] (3-20) 
€ € 


and equating it to Maxwell's equation 


V x Ep = —M — jou; (3-21) 


leads to 
V-F + jouweHe = VV -F—«M (3-22) 


Substituting (3-19) into (3-22) reduces it to 


V?F + KF 2 —eM 4- V(V-F) + V(jopedm) (3-23) 
By letting 
1 
V-F= — JOLEDm D Pm a cs V.F (3-24) 
joue 
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reduces (3-23) to 
V-F+k°F = —eM (3-25) 


and (3-19) to 


Hp = —joF — ——V(V - E) (3-26) 
WILE 


Once F is known, Er can be found from (3-16) and Hr from (3-26) or (3-21) with 
M = 0. It will be shown later how to find F once M is known. It will be a solution to 
the inhomogeneous Helmholtz equation of (3-25). 


3.4 ELECTRIC AND MAGNETIC FIELDS FOR ELECTRIC (J) 
AND MAGNETIC (M) CURRENT SOURCES 


In the previous two sections we have developed equations that can be used to find the 
electric and magnetic fields generated by an electric current source J and a magnetic 
current source M. The procedure requires that the auxiliary potential functions A and F 
generated, respectively, by J and M are found first. In turn, the corresponding electric 
and magnetic fields are then determined (E4, H4 due to A and Ep, Hp due to F). The 
total fields are then obtained by the superposition of the individual fields due to A and 
F (J and M). 
In summary form, the procedure that can be used to find the fields is as follows: 


Summary 


1. Specify J and M (electric and magnetic current density sources). 
2. a. Find A (due to J) using 


m e IRR ; 
A= JIE R dv (3-27) 
V 


which is a solution of the inhomogeneous vector wave equation of (3-14). 
b. Find F (due to M) using 


€ g 3M a 
F= & J~ R dv (3-28) 
V 


which is a solution of the inhomogeneous vector wave equation of (3-25). In 
(3-27) and (3-28), k? = œ? ue and R is the distance from any point in the 
source to the observation point. In a latter section, we will demonstrate that 
(3-27) is a solution to (3-14) as (3-28) is to (3-25). 
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3. a. Find Hy using (3-2a) and Ey using (3-15). E4 can also be found using 
Maxwell’s equation of (3-10) with J = 0. 
b. Find Er using (3-16) and Hp using (3-26). Hr can also be found using 
Maxwell’s equation of (3-21) with M = 0. 
4. The total fields are then determined by 


1 1 
E = E4 + Er = —joA — j— V (V -A)— -V xF (3-29) 
WUE € 
or 
1 1 
E = E; + Er = —VxH4--VxF (3-29a) 
JWE € 
and 
1 . . 1 
H = H; + Hp; = —V x A — joF — j— V (V -F) (3-30) 
u OLE 
or 


1 1 
H = H; + Hp =—V x A — — V x Erp (3-30a) 
u jou 


Whether (3-15) or (3-10) is used to find E4 and (3-26) or (3-21) to find Hy depends 
largely upon the problem. In many instances one may be more complex than the other 
or vice versa. In computing fields in the far-zone, it will be easier to use (3-15) for EA 
and (3-26) for Hr because, as it will be shown, the second term in each expression 
becomes negligible in that region. 


3.5 SOLUTION OF THE INHOMOGENEOUS VECTOR POTENTIAL 
WAVE EQUATION 


In the previous section we indicated that the solution of the inhomogeneous vector 
wave equation of (3-14) is (3-27). 

To derive it, let us assume that a source with current density J,, which in the limit is 
an infinitesimal source, is placed at the origin of a x, y, z coordinate system, as shown 
in Figure 3.2(a). Since the current density is directed along the z-axis (J,), only an A, 
component will exist. Thus we can write (3-14) as 


VA. + KA, = —pJ, (3-31) 
At points removed from the source (J, = 0), the wave equation reduces to 


V?A. - A, 20 (3-32) 
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Since in the limit the source is a point, it requires that A; is not a function of direction 
(6 and $); in a spherical coordinate system, A, = A,(r) where r is the radial distance. 
Thus (3-32) can be written as 


VAT) + KA) = os E -HEÉA,(r)-0 (3-33) 
r4 ðr or 


which when expanded reduces to 


PAM) | 2dA-(r) 


KA, = -34 
dr? r dr ES eae 


The partial derivative has been replaced by the ordinary derivative since A, is only a 
function of the radial coordinate. 
The differential equation of (3-34) has two independent solutions 


e Jt 
Ay =C (3-35) 
r 
e 
Ay = C2 (3-36) 
r 


Equation (3-35) represents an outwardly (in the radial direction) traveling wave and 
(3-36) describes an inwardly traveling wave (assuming an e/^' time variation). For 
this problem, the source is placed at the origin with the radiated fields traveling in the 
outward radial direction. Therefore, we choose the solution of (3-35), or 


eik 
A; = Au =C (3-37) 
r 
In the static case (w = 0, k = 0), (3-37) simplifies to 
C 
A, = (3-38) 


r 


which is a solution to the wave equation of (3-32), (3-33), or (3-34) when k = 0. Thus 
at points removed from the source, the time-varying and the static solutions of (3-37) 
and (3-38) differ only by the e~/*" factor; or the time-varying solution of (3-37) can 
be obtained by multiplying the static solution of (3-38) by e~/*". 
In the presence of the source (J, z 0) and k = 0, the wave equation of (3-31) 
reduces to 
WA, = -uJ (3-39) 


This equation is recognized to be Poisson’s equation whose solution is widely doc- 
umented. The most familiar equation with Poisson’s form is that relating the scalar 
electric potential $ to the electric charge density o. This is given by 


vi$ = =i (3-40) 
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= 1 
s=] 
V 


whose solution is 


lll £f (3-41) 


where r is the distance from any point on the charge density to the observation point. 
Since (3-39) is similar in form to (3-40), its solution is similar to (3-41), or 


docs det | Il ji B dv (3-42) 
4r r 
V 


Equation (3-42) represents the solution to (3-31) when k = 0 (static case). Using the 
comparative analogy between (3-37) and (3-38), the time-varying solution of (3-31) 
can be obtained by multiplying the static solution of (3-42) by e~/*". Thus 


(3-43) 


which is a solution to (3-31). 
If the current densities were in the x- and y-directions (J, and Jy), the wave equation 
for each would reduce to 


V^A, - ÓA, = u, (3-44) 
WA, +h A, = -uJ, (3-45) 


with corresponding solutions similar in form to (3-43), or 


u Eel 
A= = fff bop m (3-46) 
V 
u M 
A, = EI Jy n dv (3-47) 
V 


The solutions of (3-43), (3-46), and (3-47) allow us to write the solution to the 
vector wave equation of (3-14) as 


u gu es 
net fff a T" 
V 
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If the source is removed from the origin and placed at a position represented by the 
primed coordinates (x', y’, z’), as shown in Figure 3.2(b), (3-48) can be written as 


25 


u jkR 
A(x, y, z) = reall J’, y', z)) R dv’ (3-49) 
V 


where the primed coordinates represent the source, the unprimed the observation point, 
and R the distance from any point on the source to the observation point. In a similar 
fashion we can show that the solution of (3-25) is given by 


(3-50) 


If J and M represent linear densities (m^!), (3-49) and (3-50) reduce to surface 
integrals, or 


H / / / a iR / 
Aci. [| y x (3-51) 
S 


(3-52) 


For electric and magnetic currents I, and L,,, (3-51) and (3-52) reduce to line integrals 
of the form 


en 


" jkR 
A abr um I, a 2 i dl' E 
ru I (x,y,z) R (3-53) 


€ e JKR 
E Ln A a / dl * 
4 I (x^, y, z) R (3-54) 


3.6 FAR-FIELD RADIATION 
The fields radiated by antennas of finite dimensions are spherical waves. For these radi- 


ators, a general solution to the vector wave equation of (3-14) in spherical components, 
each as a function of r, 0, $, takes the general form of 


A = â, A, (r, 0, $) s Ae Ao (r, 0, $) ns âp As (r, 0, $) (3-55) 
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The amplitude variations of r in each component of (3-55) are of the form 1/r", n = 
1,2, ... [1], [2]. Neglecting higher order terms of 1/r"(1/r" = 0, n = 2,3,...) reduces 
(3-55) to 

e Jr 


A > [8 A, (0, 9) + âg A90, H) + âp Ag (0, 0)] za ERES (3-56) 


The r variations are separable from those of 0 and $. This will be demonstrated in the 
chapters that follow by many examples. 
Substituting (3-56) into (3-15) reduces it to 


1 ; 1 
E= —{— joe [a (0) + âo A, (0, 0) + à, A,(0, 6) 1} + zat apotee, 53) 


The radial E-field component has no 1/r terms, because its contributions from the first 
and second terms of (3-15) cancel each other. 
Similarly, by using (3-56), we can write (3-2a) as 


l[.O ga EN ane 1 
H=- l; z 8O) + BoA, 8) — Bo A0, on) dojbqueer GS 
where 7 = ./j1/€ is the intrinsic impedance of the medium. 


Neglecting higher order terms of 1/r", the radiated E- and H-fields have only 0 
and o components. They can be expressed as 


Far-Field Region 
E.~0 
Es = jt | >| Ea Jon | G89 
Eg ~—joAg (for the 6 and ø components only 
since E, ~ 0) 
H, =~ 0 = 
|o Eg Hy ~ & x E, = —j A, x A 
MEEI cc AA a ET g (3-58b) 
Hy > — f= Ag = ane (for the 0 and $ components only 
7 n since H, ~ 0) 


Radial field components exist only for higher order terms of 1/r”. 
In a similar manner, the far-zone fields due to a magnetic source M (potential F) 
can be written as 


Far-Field Region 
H, ~ 0 


Hy = -joh |o 599 
Hy ~ —joFs 


(for the 0 and $ components only 
since H, ~ 0) 


E,~0 

Eg c —jonFy = nHg >| Er = —nâ, x Hy = jona, x F 

Eg = +jonke = =n Ho (for the 0 and $ components only 
since E, ~ 0) 


(3-59b) 
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Simply stated, the corresponding far-zone E- and H-field components are orthogonal 
to each other and form TEM (to r) mode fields. This is a very useful relation, and it 
will be adopted in the chapters that follow for the solution of the far-zone radiated 
fields. The far-zone (far-field) region for a radiator is defined in Figures 2.7 and 2.8. 
Its smallest radial distance is 2D7/A where D is the largest dimension of the radiator. 


3.7 DUALITY THEOREM 


When two equations that describe the behavior of two different variables are of the 
same mathematical form, their solutions will also be identical. The variables in the two 
equations that occupy identical positions are known as dual quantities and a solution 
of one can be formed by a systematic interchange of symbols to the other. This concept 
is known as the duality theorem. 

Comparing Equations (3-2a), (3-3), (3-10), (3-14), and (3-15) to (3-16), (3-17), 
(3-21), (3-25), and (3-26), respectively, it is evident that they are to each other dual 
equations and their variables dual quantities. Thus knowing the solutions to one set 
i.e., J 4 0, M = 0), the solution to the other set (J = 0, M # 0) can be formed by 
a proper interchange of quantities. The dual equations and their dual quantities are 
listed, respectively in Tables 3.1 and 3.2 for electric and magnetic sources. Duality 
only serves as a guide to form mathematical solutions. It can be used in an abstract 
manner to explain the motion of magnetic charges giving rise to magnetic currents, 
when compared to their dual quantities of moving electric charges creating electric 
currents. It must, however, be emphasized that this is purely mathematical in nature 
since it is known, as of today, that there are no magnetic charges or currents in nature. 


3.8 RECIPROCITY AND REACTION THEOREMS 


We are all well familiar with the reciprocity theorem, as applied to circuits, which 
states that “in any network composed of linear, bilateral, lumped elements, if one 
places a constant current (voltage) generator between two nodes (in any branch) and 


TABLE 3.1 Dual Equations for Electric (J) and 
Magnetic (M) Current Sources 


Electric Sources 
(J £0, M=0) 


Vx E4 = —jouHa 
V x H4 = J + jocEA 
VA - KA = —pJ 


en iR 
f= II J dv! 
4r R 
V 
1 


H,=-VxA 
H 


E, = —joA 
1 
— j—V(V-A) 
MLE 


Magnetic Sources 
(J = 0, M 4 0) 


Vx Hr = jocEr 
-V x Er = M + jouwHr 
V?F + KF = —M 


é e-ikR 
F= « Ji M dv 
4r R 
y 
1 


Erp =—--VxF 
€ 


He = —joF 
1 
— j—V(V -F) 
WHE 
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TABLE 3.2 Dual Quantities for Electric (J) and 
Magnetic (M) Current Sources 


Electric Sources Magnetic Sources 
(J #0,M=0) (J =0,M #0) 
E A Hr 
H A —Er 
J M 
A F 
€ u 
m € 
k k 
n 1/n 
1/n n 


places a voltage (current) meter between any other two nodes (in any other branch), 
makes observation of the meter reading, then interchanges the locations of the source 
and the meter, the meter reading will be unchanged” [3]. We want now to discuss the 
reciprocity theorem as it applies to electromagnetic theory. This is done best by the 
use of Maxwell’s equations. 

Let us assume that within a linear and isotropic medium, but not necessarily homo- 
geneous, there exist two sets of sources Ji, Mı, and J2, M; which are allowed to 
radiate simultaneously or individually inside the same medium at the same frequency 
and produce fields E;, H; and E2, Ho, respectively. It can be shown [1], [2] that the 
sources and fields satisfy 


-V.(E xH;-E;xHj)-E;-J5-H,.M,—-E,:Ji -Hi- M; (3-60) 


which is called the Lorentz Reciprocity Theorem in differential form. 
Taking a volume integral of both sides of (3-60) and using the divergence theorem 
on the left side, we can write it as 


-fa x H5 — E; x Hi) . ds’ 
S 


= ff (E; - Jo +H: - Mı — E> - J; - Hi - M2) dv’ (3-61) 
V 


which is designated as the Lorentz Reciprocity Theorem in integral form. 
For a source-free (Jj = J; = M, = M»; = 0) region, (3-60) and (3-61) reduce, 
respectively, to 


| V- Œ x m -E x Hy) =0 (3-62) 


and 


fe x H> —E, x Hi) . ds’ =0 (3-63) 
S 
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Equations (3-62) and (3-63) are special cases of the Lorentz Reciprocity Theorem and 
must be satisfied in source-free regions. 

As an example of where (3-62) and (3-63) may be applied and what they would 
represent, consider a section of a waveguide where two different modes exist with 
fields Ej, H; and E2, H;. For the expressions of the fields for the two modes to be 
valid, they must satisfy (3-62) and/or (3-63). 

Another useful form of (3-61) is to consider that the fields (E,, H,, E2, H2) and the 
sources (Ji, Mı, J2, M5) are within a medium that is enclosed by a sphere of infinite 
radius. Assume that the sources are positioned within a finite region and that the fields 
are observed in the far field (ideally at infinity). Then the left side of (3-61) is equal 
to zero, or 


fe x H5 — E; x Hi) . ds' —0 (3-64) 
S 


which reduces (3-61) to 


I (E; b +H: + Mı — E; - J; - Hı - M2)dv' = 0 (3-65) 
V 


Equation (3-65) can also be written as 


li (E, Jo - Hi - Mp) dv’ = I Œ: + Jı - H: - M) dv' (3-66) 
v V 


The reciprocity theorem, as expressed by (3-66), is the most useful form. 

A close observation of (3-61) reveals that it does not, in general, represent rela- 
tions of power because no conjugates appear. The same is true for the special cases 
represented by (3-63) and (3-66). Each of the integrals in (3-66) can be interpreted 
as a coupling between a set of fields and a set of sources, which produce another set 
of fields. This coupling has been defined as Reaction [4] and each of the integrals in 
(3-66) are denoted by 


(1, 2) = [| (E; - Jo - Hy - M5) dv (3-67) 
V 

a= ff (E; + Jı — Ho Mi) dv (3-68) 
V 


The relation (1, 2) of (3-67) relates the reaction (coupling) of fields (E1, H1), which 
are produced by sources Jı, M; to sources (J2, M5), which produce fields E2, Hy; (2, 1) 
relates the reaction (coupling) of fields (E2, H5) to sources (Ji, Mı). For reciprocity to 
hold, it requires that the reaction (coupling) of one set of sources with the corresponding 
fields of another set of sources must be equal to the reaction (coupling) of the second 
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set of sources with the corresponding fields of the first set of sources, and vice versa. 
In equation form, it is written as 


(1, 2) = (2, 1) (3-69) 


3.8.4 Reciprocity for Two Antennas 


There are many applications of the reciprocity theorem. To demonstrate its potential, 
an antenna example will be considered. Two antennas, whose input impedances are 
Z4, and Z>, are separated by a linear and isotropic (but not necessarily homogeneous) 
medium, as shown in Figure 3.3. One antenna (#1) is used as a transmitter and the other 
(#2) as a receiver. The equivalent network of each antenna is given in Figure 3.4. The 
internal impedance of the generator Z, is assumed to be the conjugate of the impedance 
of antenna #1 (Z, = Zt = R, — j X1) while the load impedance Zz is equal to the 
conjugate of the impedance of antenna 42 (Z; = Zš = R — j X2). These assumptions 
are made only for convenience. 
The power delivered by the generator to antenna #1 is given by (2-83) or 


1 1 V, Zı Ve | VAK 
P, = —Re[V,1*] = —Re| | —— | ———— | = — 3-70 
T SA (zu 8R, xS 


If the transfer admittance of the combined network consisting of the generator 
impedance, antennas, and load impedance is Y?;, the current through the load is V; Yi 
and the power delivered to the load is 


P = 5Re[Zo (V; Ya) (V Ya1)*] = $ Ro|Ve|"|¥o1 I? (3-71) 
The ratio of (3-71) to (3-70) is 


P 
E = 4R; Rj|Yal? (3-72) 
1 


Z2=R + jX2 


D 


Figure 3.4 Two-antenna system with conjugate loads. 
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In a similar manner, we can show that when antenna #2 is transmitting and #1 is 
receiving, the power ratio of Pj/ P» is given by 


P 
— = 4R)Ri|Y 0" (3-73) 
P; 


Under conditions of reciprocity (Y}2 = Y»), the power delivered in either direction is 
the same. 


3.8.2 Reciprocity for Antenna Radiation Patterns 


The radiation pattern is a very important antenna characteristic. Although it is usually 
most convenient and practical to measure the pattern in the receiving mode, it is 
identical, because of reciprocity, to that of the transmitting mode. 

Reciprocity for antenna patterns is general provided the materials used for the anten- 
nas and feeds, and the media of wave propagation are linear. Nonlinear devices, such 
as diodes, can make the antenna system nonreciprocal. The antennas can be of any 
shape or size, and they do not have to be matched to their corresponding feed lines or 
loads provided there is a distinct single propagating mode at each port. The only other 
restriction for reciprocity to hold is for the antennas in the transmit and receive modes 
to be polarization matched, including the sense of rotation. This is necessary so that 
the antennas can transmit and receive the same field components, and thus total power. 
If the antenna that is used as a probe to measure the fields radiated by the antenna 
under test is not of the same polarization, then in some situations the transmit and 
receive patterns can still be the same. For example, if the transmit antenna is circularly 
polarized and the probe antenna is linearly polarized, then if the linearly polarized 
probe antenna is used twice and it is oriented one time to measure the 0-component 
and the other the ¢-component, then the sum of the two components can represent 
the pattern of the circularly polarized antenna in either the transmit or receive modes. 
During this procedure, the power level and sensitivities must be held constant. 

To detail the procedure and foundation of pattern measurements and reciprocity, let 
us refer to Figures 3.5(a) and (b). The antenna under test is *1 while the probe antenna 
(#2) is oriented to transmit or receive maximum radiation. The voltages and currents 
Vi, I; at terminals 1—1 of antenna #1 and V5, h at terminals 2—2 of antenna #2 are 
related by 

Vi = Zh t Zh 


V = Zah + Z2h 


(3-74) 


where 


Zıı = self-impedance of antenna #1 
Z5, = self-impedance of antenna #2 


Z\2, Zo, = mutual impedances between antennas #1 and #2 


If a current J; is applied at the terminals 1—1 and voltage V2 (designated as V2,-) 
is measured at the open (h = 0) terminals of antenna #2, then an equal voltage Vioc 


Observation 
sphere 


Test antenna G1) 


(a) 
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Observation 
sphere 


SF 


Test antenna (#1) 


(b) 


Figure 3.5 Antenna arrangement for pattern measurements and reciprocity theorem. 


will be measured at the open (J; = 0) terminals of antenna #1 provided the current J, 
of antenna #2 is equal to Jı. In equation form, we can write 


Vooc 

Z (3-75a) 
lj [5-0 
Vioc 

Zu (3-75b) 
h 'j-o 


If the medium between the two antennas is linear, passive, isotropic, and the waves 
monochromatic, then because of reciprocity 


Vooc Vioc 
Z3 = = =Z12 (3-76) 
h |= — b |n=0 
If in addition 7, = h, then 
Voc = Vioc (3-77) 


The above are valid for any position and any configuration of operation between the 
two antennas. 

Reciprocity will now be reviewed for two modes of operation. In one mode, antenna 
#1 is held stationary while #2 is allowed to move on the surface of a constant radius 
sphere, as shown in Figure 3.5(a). In the other mode, antenna #2 is maintained sta- 
tionary while #1 pivots about a point, as shown in Figure 3.5(b). 

In the mode of Figure 3.5(a), antenna #1 can be used either as a transmitter or 
receiver. In the transmitting mode, while antenna #2 is moving on the constant radius 
sphere surface, the open terminal voltage V2,, is measured. In the receiving mode, the 
open terminal voltage Vioc is recorded. The three-dimensional plots of V2o- and Vioc, 
as a function of 0 and ¢, have been defined in Section 2.2 as field patterns. Since 
the three-dimensional graph of Vzəc is identical to that of Vioc (due to reciprocity), 
the transmitting (V2oc) and receiving (Vioc) field patterns are also equal. The same 
conclusion can be arrived at if antenna #2 is allowed to remain stationary while #1 
rotates, as shown in Figure 3.5(b). 

The conditions of reciprocity hold whether antenna #1 is used as a transmitter and 
#2 as a receiver or antenna #2 as a transmitter and #1 as a receiver. In practice, the 
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most convenient mode of operation is that of Figure 3.5(b) with the test antenna used 
as a receiver. Antenna #2 is usually placed in the far-field of the test antenna (#1), and 
vice versa, in order that its radiated fields are plane waves in the vicinity of #1. 

The receiving mode of operation of Figure 3.5(b) for the test antenna is most widely 
used to measure antenna patterns because the transmitting equipment is, in most cases, 
bulky and heavy while the receiver is small and lightweight. In some cases, the receiver 
is nothing more than a simple diode detector. The transmitting equipment usually con- 
sists of sources and amplifiers. To make precise measurements, especially at microwave 
frequencies, it is necessary to have frequency and power stabilities. Therefore, the 
equipment must be placed on stable and vibration-free platforms. This can best be 
accomplished by allowing the transmitting equipment to be held stationary and the 
receiving equipment to rotate. 

An excellent manuscript on test procedures for antenna measurements of ampli- 
tude, phase, impedance, polarization, gain, directivity, efficiency, and others has been 
published by IEEE [5]. A condensed summary of it is found in [6], and a review is 
presented in Chapter 17 of this text. 
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PROBLEMS 
3.1. If H, = jweV x Il., where II, is the electric Hertzian potential, show that 
1 
(a) WH +k = j—J (b E. = kI + V(V - IL) 
wE 
1 
(c) T. =-j—A 
OLE 


3.2. If E; = —j@uV x In, where II; is the magnetic Hertzian potential, show that 
(a V?IL, 4 E? TI = iM (D H, =k’, + V(V - M) 
(o) Il,--j IE 

3.3. Verify that (3-35) and (3-36) are solutions to (3-34). 

3.4. Show that (3-42) is a solution to (3-39) and (3-43) is a solution to (3-31). 

3.5. Verify (3-57) and (3-572). 


3.6. Derive (3-60) and (3-61). 
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CHAPTER 4 
[rel [redi[reli [ren ren red rell [rere ro rere 


Linear Wire Antennas 


4.1 INTRODUCTION 


Wire antennas, linear or curved, are some of the oldest, simplest, cheapest, and in 
many cases the most versatile for many applications. It should not then come as a 
surprise to the reader that we begin our analysis of antennas by considering some of 
the oldest, simplest, and most basic configurations. Initially we will try to minimize 
the complexity of the antenna structure and geometry to keep the mathematical details 
to a minimum. 


4.2 INFINITESIMAL DIPOLE 


An infinitesimal linear wire (J < à) is positioned symmetrically at the origin of the 
coordinate system and oriented along the z axis, as shown in Figure 4.1(a). Although 
infinitesimal dipoles are not very practical, they are used to represent capacitor-plate 
(also referred to as top-hat-loaded) antennas. In addition, they are utilized as building 
blocks of more complex geometries. The end plates are used to provide capacitive 
loading in order to maintain the current on the dipole nearly uniform. Since the end 
plates are assumed to be small, their radiation is usually negligible. The wire, in 
addition to being very small (| « A), is very thin (a «& A). The spatial variation of the 
current is assumed to be constant and given by 


I(z) = â; Io (4-1) 


where Io = constant. 


4.2.1 Radiated Fields 


To find the fields radiated by the current element, the two-step procedure of Figure 3.1 
is used. It will be required to determine first A and F and then find the E and H. The 
functional relation between A and the source J is given by (3-49), (3-51), or (3-53). 
Similar relations are available for F and M, as given by (3-50), (3-52), and (3-54). 
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Since the source only carries an electric current Ie, I,, and the potential function F 
are zero. To find A we write 


—jkR 


M 4-2 
RI (4-2) 


u / / / 
AG y 2 m E [ Lo y'a 
C 


where (x, y, z) represent the observation point coordinates, (x', y', z’) represent the 
coordinates of the source, R is the distance from any point on the source to the 
observation point, and path C is along the length of the source. For the problem of 
Figure 4.1 


L’, y’, z) = à. Io (4-3a) 


È 4 


x’ = y! =z’ = 0 (infinitesimal dipole) (4-3b) 


end-plate 
~ 


— y 


(b) Electric field orientation 


Figure 4.1 Geometrical arrangement of an infinitesimal dipole and its associated electric-field 
components on a spherical surface. 
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RaV@=x 7 +O- yP HR- SNV Ey te 
=r = constant (4-3c) 
dl’ = dz (4-3d) 


sO we can write (4-2) as 


I , 41/2 
A(x, y, z) =a, mme f dz = 4, (4-4) 
—l/2 


Tr 


The next step of the procedure is to find H4 using (3-2a) and then E; using 
(3-15) or (3-10) with J = 0. To do this, it is often much simpler to transform (4- 
4) from rectangular to spherical components and then use (3-2a) and (3-15) or (3-10) 
in spherical coordinates to find H and E. 

The transformation between rectangular and spherical components is given, in matrix 
form, by (VII-12a) (see Appendix VII) 


A; sindcos@ sin@sing cosé Ax 
Ag | = | cos@cos@ cos@sing —sind Ay (4-5) 
Ag —sing cos $ 0 Az 


For this problem, A, = A, = 0, so (4-5) using (4-4) reduces to 


i ole! 
A; = A,cos0 = —————— cos 0 (4-62) 
Azr 
3 i ole i” E 
Ag = —A;sin0 = — — —— —— sinO (4-6b) 
4rr 
Ag =0 (4-6c) 


Using the symmetry of the problem (no $ variations), (3-2a) can be expanded in 
spherical coordinates and written in simplified form as 


, 1 fa 0A, 
H = 4g — | — (r Ao) — (4-7) 
ur 
Substituting (4-6a)—(4-6c) into (4-7) reduces it to 


(4-8a) 


Hy = (4-8b) 


. KIol sind | 
j— |1 
Amr 


The electric field E can now be found using (3-15) or (3-10) with J — 0. That is, 


1 1 
E = E; = -joA — j —V (V - A) = ——VxH (4-9) 
WILE joe 
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Substituting (4-6a)—(4-6c) or (4-8a)—(4-8b) into (4-9) reduces it to 


Iol cos 8 $ 1 20 
2r? jkr (4108) 
. klol sind 
Eo = i (4-10b) 
Ey =0 (4-10c) 


The E- and H-field components are valid everywhere, except on the source itself, 
and they are sketched in Figure 4.1(b) on the surface of a sphere of radius r. It is 
a straightforward exercise to verify Equations (4-10a)—(4-10c), and this is left as an 
exercise to the reader (Prob. 4.13). 


4.2.2 Power Density and Radiation Resistance 


The input impedance of an antenna, which consists of real and imaginary parts, was 
discussed in Section 2.13. For a lossless antenna, the real part of the input impedance 
was designated as radiation resistance. It is through the mechanism of the radiation 
resistance that power 1s transferred from the guided wave to the free-space wave. To 
find the input resistance for a lossless antenna, the Poynting vector is formed in terms 
of the E- and H-fields radiated by the antenna. By integrating the Poynting vector over 
a closed surface (usually a sphere of constant radius), the total power radiated by the 
source is found. The real part of it is related to the input resistance. 

For the infinitesimal dipole, the complex Poynting vector can be written using 
(4-82) - (4-8b) and (4-10a)—(4-10c) as 


W = (E x H*) = (à, E, + à Eo) x (à, H;) 
= 1(8, Eo Hy* = âo E, Hg") (4-11) 


whose radial W, and transverse Wọ components are given, respectively, by 


n | lol |? sin? 8 1 
epee aba baj- 4-12 
sal r J ry CI) 
. k| Tol|? cos0 sin 8 1 
Wij ee eee 4-12b 
PX l6z?r? (kr)? ( ) 


The complex power moving in the radial direction is obtained by integrating (4-11)— 
(4-12b) over a closed sphere of radius r. Thus it can be written as 


2z m 
P = fw. ds =f / (à, W, + à Wo) - &,r? sind d0 do (4-13) 
0 0 
S 


which reduces to 


2n mL x 
P= f / W,r’ sino d0 do = n= 
o Jo 3 


hl 


2 1 
" = iz] (4-14) 
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The transverse component Wọ of the power density does not contribute to the inte- 
gral. Thus (4-14) does not represent the total complex power radiated by the antenna. 
Since Wg, as given by (4-12b), is purely imaginary, it will not contribute to any real 
radiated power. However, it does contribute to the imaginary (reactive) power which 
along with the second term of (4-14) can be used to determine the total reactive power 
of the antenna. The reactive power density, which is most dominant for small values of 
kr, has both radial and transverse components. It merely changes between outward and 
inward directions to form a standing wave at a rate of twice per cycle. It also moves in 
the transverse direction as suggested by (4-12b). 

Equation (4-13), which gives the real and imaginary power that is moving outwardly, 
can also be written as 


1 my | Il? 1 
JI É Se AT MUSS 
S 
= Pra + j20(Wm — We) (4-15) 
where 
P = power (in radial direction) 
Praa = time-average power radiated 
W,, = time-average magnetic energy density (in radial direction) 
W, = time-average electric energy density (in radial direction) 
20(Win — W,) — time-average imaginary (reactive) power (in radial direction) 
From (4-14) 
Pues (=) Tol |? (4-16) 
rad = 7] 3 3. g 
and 
20 (Wn — We) (=) fol" 1 (4-17) 
wW m— We) = — me i erae - 
TAB) |X| tne 


It is clear from (4-17) that the radial electric energy must be larger than the radial mag- 
netic energy. For large values of kr (kr >> 1 or r > A), the reactive power diminishes 
and vanishes when kr = oo. 

Since the antenna radiates its real power through the radiation resistance, for the 
infinitesimal dipole it is found by equating (4-16) to 


(4-18) 


2n\ (1? x ea 
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for a free-space medium (5 ~ 120x). It should be pointed out that the radiation 
resistance of (4-19) represents the total radiation resistance since (4-12b) does not 
contribute to it. 

For a wire antenna to be classified as an infinitesimal dipole, its overall length must 
be very small (usually / < 4/50). 


Example 4.1 


Find the radiation resistance of an infinitesimal dipole whose overall length is / = 1/50. 
Solution: Using (4-19) 


INe IN 
R, = 807° (=) = 807? (=) = 0.316 ohms 


Since the radiation resistance of an infinitesimal dipole is about 0.3 ohms, it will present a 
very large mismatch when connected to practical transmission lines, many of which have 
characteristic impedances of 50 or 75 ohms. The reflection efficiency (e,) and hence the 
overall efficiency (eo) will be very small. 


The reactance of an infinitesimal dipole is capacitive. This can be illustrated by 
considering the dipole as a flared open-circuited transmission line, as discussed in 
Section 1.4. Since the input impedance of an open-circuited transmission line a distance 
1/2 from its open end is given by Zin = — j Ze cot (81/2), where Ze is its characteristic 
impedance, it will always be negative (capacitive) for l «& A. 


4.2.3 Radian Distance and Radian Sphere 


The E- and H-fields for the infinitesimal dipole, as represented by (4-8a)—(4-8b) and 
(4-10a)—(4-10c), are valid everywhere (except on the source itself). An inspection of 
these equations reveals the following: 


(a) At a distance r = XA/2z (or kr = 1), which is referred to as the radian distance, 
the magnitude of the first and second terms within the brackets of (4-8b) and 
(4-10a) is the same. Also at the radian distance the magnitude of all three terms 
within the brackets of (4-10b) is identical; the only term that contributes to the 
total field is the second, because the first and third terms cancel each other. This 
is illustrated in Figure 4.2. 

(b) At distances less than the radian distance r < 4/27 (kr < 1), the magnitude of 
the second term within the brackets of (4-8b) and (4-10a) is greater than the 
first term and begins to dominate as r « 4/27. For (4-10b) and r < 4/27, the 
magnitude of the third term within the brackets is greater than the magnitude of 
the first and second terms while the magnitude of the second term is greater than 
that of the first one; each of these terms begins to dominate as r < 4/27. This 
is illustrated in Figure 4.2. The region r < A/2z (kr < 1) is referred to as the 
near-field region, and the energy in that region is basically imaginary (stored). 
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Figure 4.2 Magnitude variation, as a function of the radial distance, of the field terms radiated 
by an infinitesimal dipole. 


(c) 


(d) 


At distances greater than the radian distance r > A/2z (kr > 1), the first term 
within the brackets of (4-8b) and (4-10a) is greater than the magnitude of 
the second term and begins to dominate as r >> A/2z (kr > 1). For (4-10b) 
and r > A/2z, the first term within the brackets is greater than the magni- 
tude of the second and third terms while the magnitude of the second term 
is greater than that of the third; each of these terms begins to dominate as 
r > A/2z. This is illustrated in Figure 4.2. The region r > A/2z (kr > 1) is 
referred to as the intermediate-field region while that for r >> A/2m (kr > 1) 
is referred to as the far-field region, and the energy in that region is basically 
real (radiated). 


The sphere with radius equal to the radian distance (r = 4/27) is referred as 
the radian sphere, and it defines the region within which the reactive power 
density is greater than the radiated power density [1]—[3]. For an antenna, the 
radian sphere represents the volume occupied mainly by the stored energy of 
the antenna's electric and magnetic fields. Outside the radian sphere the radi- 
ated power density is greater than the reactive power density and begins to 
dominate as r > 4/22. Therefore the radian sphere can be used as a refer- 
ence, and it defines the transition between stored energy pulsating primarily in 
the +0 direction [represented by (4-12b)] and energy radiating in the radial 
(r) direction [represented by the first term of (4-12a); the second term represents 
stored energy pulsating inwardly and outwardly in the radial (r) direction]. Sim- 
ilar behavior, where the power density near the antenna is primarily reactive and 
far away is primarily real, is exhibited by all antennas, although not exactly at 
the radian distance. 
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4.2.4 Near-Field (kr < 1) Region 


An inspection of (4-8a)—(4-8b) and (4-10a)—(4-10c) reveals that for kr «& X or r «& 
A/2z they can be reduced in much simpler form and can be approximated by 


E, d cos 0 (4-20a) 
2r kr? 
Eg = jie sin (4-20b) 
4r kr? kr <1 
Es = H, = Ho =0 (4-20c) 
llei 
$ Aner? sin ð (4-20d) 


The E-field components, E, and Eọ, are in time-phase but they are in time-phase 
quadrature with the H-field component Hg; therefore there is no time-average power 
flow associated with them. This is demonstrated by forming the time-average power 
density as 


Wav = jRe[E x H*] = +Re[4, Eo H*g — à E, H* 4] (4-21) 
which by using (4-20a)—(4-20d) reduces to 


Iol 
4r 


A 


git 4-22 
r5 m k 82 r5 ( ) 


1 an 
Wav =, a 4X 


? sin? 0 | T 


The condition of kr «& 1 can be satisfied at moderate distances away from the antenna 
provided that the frequency of operation is very low. Equations (4-20a) and (4-20b) 
are similar to those of a static electric dipole and (4-20d) to that of a static current 
element. Thus we usually refer to (4-20a)—(4-20d) as the quasistationary fields. 


4.2.5 Intermediate-Field (kr > 1) Region 


As the values of kr begin to increase and become greater than unity, the terms that 
were dominant for kr « 1 become smaller and eventually vanish. For moderate values 
of kr the E-field components lose their in-phase condition and approach time-phase 
quadrature. Since their magnitude is not the same, in general, they form a rotating 
vector whose extremity traces an ellipse. This is analogous to the polarization problem 
except that the vector rotates in a plane parallel to the direction of propagation and 
is usually referred to as the cross field. At these intermediate values of kr, the E, 
and Hg components approach time-phase, which is an indication of the formation of 
time-average power flow in the outward (radial) direction (radiation phenomenon). 
As the values of kr become moderate (kr > 1), the field expressions can be approx- 
imated again but in a different form. In contrast to the region where kr «& 1, the first 
term within the brackets in (4-8b) and (4-10a) becomes more dominant and the second 
term can be neglected. The same is true for (4-10b) where the second and third terms 
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become less dominant than the first. Thus we can write for kr > 1 


Iple— J" 
bcn ae cos Ó (4-23a) 
2nr? 
kIole-J** 
Eg ~ jn — —— — sin 0 4-23b 
eru 4rr i kr > 1 ( ) 
Ey = H, = Hp = 0 (4-23c) 
kIple— i" 
Hy ~ j£ sing (4-23d) 
4rr 
The total electric field is given by 
E = â, E, + à Eo (4-24) 


whose magnitude can be written as 
[E| = VIE,- + [EP (4-25) 


4.2.6 Far-Field (kr >> 1) Region 


Since (4-23a)- (4-23d) are valid only for values of kr > 1 (r > A), then E, will be 
smaller than Eg because E, is inversely proportional to r? where E; is inversely 
proportional to r. In a region where kr >> 1, (4-23a)- (4-23d) can be simplified and 
approximated by 


Eg > jp er sind (4-26a) 
Lr 
E, ~ Eg = H, = He = 0 kr > 1 (4-26b) 
ae kllei® E 
TT amr (4-26c) 


The ratio of Eg to Hg is equal to 


Zu == cg (4-27) 


where : 
Zw = wave impedance 


n = intrinsic impedance (377 ~ 120z ohms for free-space) 


The E- and H-field components are perpendicular to each other, transverse to the 
radial direction of propagation, and the r variations are separable from those of 0 and 
$. The shape of the pattern is not a function of the radial distance r, and the fields 
form a Transverse ElectroMagnetic (TEM) wave whose wave impedance is equal 
to the intrinsic impedance of the medium. As it will become even more evident in 
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later chapters, this relationship is applicable in the far-field region of all antennas of 
finite dimensions. Equations (4-26a)—(4-26c) can also be derived using the procedure 
outlined and relationships developed in Section 3.6. This is left as an exercise to the 
reader (Prob. 4.15). 


Example 4.2 


For an infinitesimal dipole determine and interpret the vector effective length [see 
Section 2.15, Figure 2.29(a)]. At what incidence angle does the open-circuit maximum 
voltage occurs at the output terminals of the dipole if the electric-field intensity of the 
incident wave is 10 mV/m? The length of the dipole is 10 cm. 

Solution: Using (4-26a) and the effective length as defined by (2-92), we can write that 


i kIgle- J** A EE kie E p " 
Eg = jn ——— —— sin0 = —àgjn————— - (—áel sin0) 
Arr Amr 
Aie kIge- , 
= —a ————— s 
nun Amr 
Therefore, the effective length is 
le = —Agl sin 0 


whose maximum value occurs when 0 = 90°, and it is equal to /. Therefore, to achieve 
maximum output the wave must be incident upon the dipole at a normal incidence angle 
(0 = 90°). 

The open-circuit maximum voltage is equal to 


Voc |max = |E’ ù Lm = [âg 10 x 107° " (—áel sin 0) |max 


= 10 x 1077 = 10? volts 


4.2.7 Directivity 


The real power P; radiated by the dipole was found in Section 4.2.2, as given by 
(4-16). The same expression can be obtained by first forming the average power density, 
using (4-26a)—(4-26c). That is, 


2. 
sin? 6 


r2 


kIol 


ar (4-28) 


1 1 
Wa = =Re(E x H*) = à, —[Ej? = â, 2 
2 2n 2 


Integrating (4-28) over a closed sphere of radius r reduces it to (4-16). This is left as 
an exercise to the reader (Prob. 4.14). 
Associated with the average power density of (4-28) is a radiation intensity U which 
is given by ; 
2 
U= Wo md (ze) sin? 0 = —] Eo (r, 0, 9)? (4-29) 
2\ 4r 2n 


and it conforms with (2-12a). The normalized pattern of (4-29) is shown in Figure 4.3. 
The maximum value occurs at 0 = 77/2 and it is equal to 


RIN? 
Umax = T (=) (4-30) 
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Radiation pattern 
U — sin? 0 


Dipole antenna 


Figure 4.3 Three-dimensional radiation pattern of infinitesimal dipole. 


Using (4-16) and (4-30), the directivity reduces to 


(4-31) 


(4-32) 


The radiation resistance of the dipole can be obtained by the definition of (4-18). 
Since the radiated power obtained by integrating (4-28) over a closed sphere is the 
same as that of (4-16), the radiation resistance using it will also be the same as obtained 
previously and given by (4-19). 

Integrating the complex Poynting vector over a closed sphere, as was done in (4-13), 
results in the power (real and imaginary) directed in the radial direction. Any trans- 
verse components of power density, as given by (4-12b), will not be captured by the 
integration even though they are part of the overall power. Because of this limitation, 
this method cannot be used to derive the input reactance of the antenna. 

The procedure that can be used to derive the far-zone electric and magnetic fields 
radiated by an antenna, along with some of the most important parameters/figures of 
merit that are used to describe the performance of an antenna, are summarized in 
Table 4.1. 
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TABLE 4.1 Summary of Procedure to Determine the Far-Field Radiation 
Characteristics of an Antenna 


1. Specify electric and/or magnetic current densities J, M [physical or equivalent (see 
Chapter 3, Figure 3.1)] 
2. Determine vector potential components Ag, Ag and/or Fo, Fy using (3-46)—(3-54) in far 
field 
Find far-zone E and H radiated fields (Eg, Eg; Ho, Hg) using (3-58a)—(3-58b) 
4. Form either 1 
a. Wuag(r, 0, $) => WA, (r, 0, $) = ;RelE x H*] 


e» 


1 ^ ^ ^ * ^ * 
id ane [(do Eo + ag Es) x (ao Hy + às H;)] 


1 [Eo]? + | Eg]? 1 
i, [PEL] = a o e? 


War, 0, $) = a, 
2 n 


or 
b. U (0, p) = r? Waalr, 0, 9) = If (0, 9)? 
5. Determine either 


2x T 
a. Paad = f f Waatr, 0, $)r? sind d0 do 
0 0 


or 
2r m 
b. Poa = | i U (0, $) sind d0 d$ 
o Jo 
6. Find directivity using 


U(0,0) | 4nU(0,9) 


D(0,$0) = 
( 9 Uo Prad 
U(O,@)|max _ 4xU(0, b)|max 
Do = D max = D(0, $)|max GE RA RR 
Uo Prad 
7. Form normalized power amplitude pattern: 
U(0, >) 
P,@,ġ) = 
8. Determine radiation and input resistance: 
E 2Paa , Rin = Re 


EMIT 


9. Determine maximum effective area 


4.3 SMALL DIPOLE 


The creation of the current distribution on a thin wire was discussed in Section 1.4, and 
it was illustrated with some examples in Figure 1.16. The radiation properties of an 
infinitesimal dipole, which is usually taken to have a length / < 4/50, were discussed 
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in the previous section. Its current distribution was assumed to be constant. Although 
a constant current distribution is not realizable (other than top-hat-loaded elements), 
it is a mathematical quantity that is used to represent actual current distributions of 
antennas that have been incremented into many small lengths. 

A better approximation of the current distribution of wire antennas, whose lengths 
are usually 4/50 < I < 4/10, is the triangular variation of Figure 1.16(a). The sinu- 
soidal variations of Figures 1.16(b)—(c) are more accurate representations of the current 
distribution of any length wire antenna. 

The most convenient geometrical arrangement for the analysis of a dipole is usually 
to have it positioned symmetrically about the origin with its length directed along the 
z-axis, as shown in Figure 4.4(a). This is not necessary, but it is usually the most 
convenient. The current distribution of a small dipole (4/50 < l < 4/10) is shown in 


P(r, 0,0) 


(a) Dipole and geometry 


(b) Current distribution 


Figure 4.4 Geometrical arrangement of dipole and current distribution. 
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Figure 4.4(b), and it is given by 


2 
à. Io (1-32). 0xzzl/2 
L(x’, y, z) E 2 (4-33) 
à. Io (1427). -If2xz <0 


where Io = constant. 
Following the procedure established in the previous section, the vector potential of 
(4-2) can be written using (4-33) as 


uT. 0 PAR e JR ; 
AG, y2) —4- a, bet lt T2 E dz 


1/2 2 "LS: 
+ a. | Io ( = Fr az | 
Mo l R 


Because the overall length of the dipole is very small (usually < 4/10), the values of 
R for different values of z’ along the length of the wire (—//2 < z' < 1/2) are not much 
different from r. Thus R can be approximated by R ~ r throughout the integration 
path. The maximum phase error in (4-34) by allowing R =r for 4/50 < I < 4/10, 
will be kl/2 = z/10 rad = 18° for | = 4/10. Smaller values will occur for the other 
lengths. As it will be shown in the next section, this amount of phase error is usually 
considered negligible and has very little effect on the overall radiation characteristics. 
Performing the integration, (4-34) reduces to 


(4-34) 


1 Tulle- 
A=8,A, = 8.5 | (4-35) 


which is one-half of that obtained in the previous section for the infinitesimal dipole 
and given by (4-4). 

The potential function given by (4-35) becomes a more accurate approximation as 
kr — oco. This is also the region of most practical interest, and it has been designated 
as the far-field region. Since the potential function for the triangular distribution is 
one-half of the corresponding one for the constant (uniform) current distribution, the 
corresponding fields of the former are one-half of the latter. Thus we can write the E- 
and H-fields radiated by a small dipole as 


klIgle-i*r : 
Ey = jn- sino (36a) 
&rr 
E, ~ Ey=H,=Ho=0$ kr»1 (4-36b) 
E UG 
CX J —— sin 
ltem (4-36c) 


with the wave impedance equal, as before, to (4-27). 
Since the directivity of an antenna is controlled by the relative shape of the field 
or power pattern, the directivity, and maximum effective area of this antenna are the 
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same as the ones with the constant current distribution given by (4-31) and (4-32), 
respectively. 

The radiation resistance of the antenna is strongly dependent upon the current distri- 
bution. Using the procedure established for the infinitesimal dipole, it can be shown that 
for the small dipole its radiated power is one-fourth (4) of (4-18). Thus the radiation 
resistance reduces to 


(4-37) 


which is also one-fourth G) of that obtained for the infinitesimal dipole as given by 
(4-19). Their relative patterns (shapes) are the same and are shown in Figure 4.3. 


4.4 REGION SEPARATION 


Before we attempt to solve for the fields radiated by a finite dipole of any length, it 
would be very desirable to discuss the separation of the space surrounding an antenna 
into three regions; namely, the reactive near-field, radiating near-field (Fresnel) and 
the far-field (Fraunhofer) which were introduced briefly in Section 2.2.4. This is nec- 
essary because for a dipole antenna of any length and any current distribution, it will 
become increasingly difficult to solve for the fields everywhere. Approximations can 
be made, especially for the far-field (Fraunhofer) region, which is usually the one of 
most practical interest, to simplify the formulation to yield closed form solutions. The 
same approximations used to simplify the formulation of the fields radiated by a finite 
dipole are also used to formulate the fields radiated by most practical antennas. So it 
will be very important to introduce them properly and understand their implications 
upon the solution. 

The difficulties in obtaining closed form solutions that are valid everywhere for any 
practical antenna stem from the inability to perform the integration of 

u "IS: 

A(x, y,z) = zl L(x, y’, z) —— dl (4-38) 
An C R 


where 
R-wy(x—xyP-(y-y»y-c(-zy (4-382) 


For a finite dipole with sinusoidal current distribution, the integral of (4-38) can be 
reduced to a closed form that is valid everywhere! This will be shown in Chapter 8. 
The length R is defined as the distance from any point on the source to the observation 
point. The integral of (4-38) was used to solve for the fields of infinitesimal and small 
dipoles in Sections 4.1 and 4.2. However in the first case (infinitesimal dipole) R — r 
and in the second case (small dipole) R was approximated by r(R ~ r) because the 
length of the dipole was restricted to be / < 4/10. The major simplification of (4-38) 
will be in the approximation of R. 

A very thin dipole of finite length / is symmetrically positioned about the origin 
with its length directed along the z-axis, as shown in Figure 4.5(a). Because the wire 
is assumed to be very thin (x' = y’ = 0), we can write (4-38) as 


R-wX/(x—-xY-c-t(y-yYy-(G-zyoyx-cty-r-G-zYy (4-39) 
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P(r, 0,9) 


1/2 ud 


(b) Geometrical arrangement for far-field approximations 


Figure 4.5 Finite dipole geometry and far-field approximations. 


which when expanded can be written as 
(x? + y? + z2) + (—2zz! +z?) = Vr? + (—2rz! cos0 + z?) (4-40) 
where 


pax? + y? + z (4-40a) 
z =r cos (4-40b) 


Using the binomial expansion, we can write (4-40) in a series as 
: 1 z? us 1 z? 2a 
R =r —z' cos + — | — sin 0 | + — | — cos 0 sin 0 | +- (4-41) 
r\2 r2 


whose higher order terms become less significant provided r > z’. 
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4.4.4 Far-Field (Fraunhofer) Region 


The most convenient simplification of (4-41), other than R ~ r, will be to approximate 
it by its first two terms, or 
R xr — z/cos (4-42) 


The most significant neglected term of (4-41) is the third whose maximum value is 
1 n 12 
2 (> uo) —Í.  whenó— z/2 (4-43) 
p 2 max r 


When (4-43) attains its maximum value, the fourth term of (4-41) vanishes because 
0 = 1/2. It can be shown that the higher order terms not shown in (4-41) also vanish. 
Therefore approximating (4-41) by (4-42) introduces a maximum error given by (4-43). 

It has been shown by many investigators through numerous examples that for most 
practical antennas, with overall lengths greater than a wavelength (l > X), a maximum 
total phase error of 2/8 rad (22.5°) is not very detrimental in the analytical formula- 
tions. Using that as a criterion we can write, using (4-43), that the maximum phase 
error should always be 


IT 
Z2 4-44 
Sg (4-44) 


which for —//2 < z' < 1/2 reduces to 


[2 
r>2 (=) (4-45) 


Equation (4-45) simply states that to maintain the maximum phase error of an 
antenna equal to or less than 2/8 rad (22.5°), the observation distance r must equal or 
be greater than 2/7/ where / is the largest" dimension of the antenna structure. The 
usual simplification for the far-field region is to approximate the R in the exponential 
(e J*) of (4-38) by (4-42) and the R in the denominator of (4-38) by R ~ r. These 
simplifications are designated as the far-field approximations and are usually denoted 
in the literature as 


Far-field Approximations 


R-cr-—z cos0 for phase terms 
(4-46) 
Rr for amplitude terms 


provided r satisfies (4-45). 

It may be advisable to illustrate the approximation (4-46) geometrically. For R ~ 
r — z'cos@, where 0 is the angle measured from the z-axis, the radial vectors R and 
r must be parallel to each other, as shown in Figure 4.5(b). For any other antenna 
whose maximum dimension is D, the approximation of (4-46) is valid provided the 
observations are made at a distance 


D? 
r= 2 (4-47) 


For an aperture antenna the maximum dimension is taken to be its diagonal. 


*Provided the overall length (/) of the antenna is large compared to the wavelength [see IEEE Standard 
Definitions of Terms for Antennas, IEEE Std (145-1983)]. 
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For most practical antennas, whose overall length is large compared to the wave- 
length, these are adequate approximations which have been shown by many investi- 
gators through numerous examples to give valid results in pattern predictions. Some 
discrepancies are evident in regions of low intensity (usually below —25 dB). This is 
illustrated in Figure 2.9 where the patterns of a paraboloidal antenna for R = oo and 
R = 2D? /4 differ at levels below —25 dB. Allowing R to have a value of R = 4D7/A 
gives better results. 

It would seem that the approximation of R in (4-46) for the amplitude is more 
severe than that for the phase. However a close observation reveals this is not the case. 
Since the observations are made at a distance where r is very large, any small error 
in the approximation of the denominator (amplitude) will not make much difference 
in the answer. However, because of the periodic nature of the phase (repeats every 
27x rad), it can be a major fraction of a period. The best way to illustrate it will be to 
consider an example. 


Example 4.3 


For an antenna with an overall length / = 5A, the observations are made at r = 60A. Find 
the errors in phase and amplitude using (4-46). 
Solution: For 0 = 90°, z' = 2.54, and r = 602, (4-40) reduces to 


Ry = A /(60)? + 2.5)? = 60.0524. 


and (4-46) to 
R5 —r-60X 


Therefore the phase difference is 


2 
Ag = kAR = Zir R2) = 27 (0.052) = 0.327 rad = 18.74° 


which is an appreciable fraction (~ x) of a full period (360^). 
The difference of the inverse values of R is 


1/1 1 _ 144 x 10? 
"^ AN60 60.0052] — A 


which should always be a very small value in amplitude. 


4.4.2 Radiating Near-Field (Fresnel) Region 


If the observation point is chosen to be smaller than r = 2/?/A, the maximum phase 
error by the approximation of (4-46) is greater than 77/8 rad (22.5°) which may be 
undesirable in many applications. If it is necessary to choose observation distances 
smaller than (4-45), another term (the third) in the series solution of (4-41) must be 
retained to maintain a maximum phase error of 2/8 rad (22.5°). Doing this, the infinite 
series of (4-41) can be approximated by 


1 l n 22 
R-cr-—zcos0 4 — gn 0 (4-48) 
r 
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The most significant term that we are neglecting from the infinite series of (4-41) is 
the fourth. To find the maximum phase error introduced by the omission of the next 
most significant term, the angle 0 at which this occurs must be found. To do this, 
the neglected term is differentiated with respect to 6 and the result is set equal to 
zero. Thus 


0 1 z? 12 z? " £o 2 
30 | 72 ERE sin’ 0 || = 2 sin0[— sin“ 0 + 2cos^0] = 0 (4-49) 


The angle 0 — 0 is not chosen as a solution because for that value the fourth term is 
equal to zero. In other words, 0 — 0 gives the minimum error. The maximum error 
occurs when the second term of (4-49) vanishes; that is when 


[— sin? 0 + 2cos? lezo, = 0 (4-50) 


or 
6; = tan"! (4/2) (4-50a) 


If the maximum phase error is allowed to be equal or less than 77/8 rad, the distance 
r at which this occurs can be found from 
n 3 3 
zl 1 2 T l T 
cos @ sin? 0| ,- = L— (=) G) Za (=) se (4-51) 
? mau A87 NJ3/N3/. 2V3 \ar?} 8 


which reduces to 


2 2 P P 
r? > — | — ) = 0.385 ( — (4-52) 
3/3 \A n 
or 
r > 0.62,/13/2 (4-52a) 


A value of r greater than that of (4-52a) will lead to an error less than 2/8 rad (22.5°). 
Thus the region where the first three terms of (4-41) are significant, and the omission 
of the fourth introduces a maximum phase error of 77/8 rad (22.5^), is defined by 


22/1 >r 2 0.24 /X (4-53) 


where / is the length of the antenna. This region is designated as radiating near- 
field because the radiating power density is greater than the reactive power density 
and the field pattern (its shape) is a function of the radial distance r. This region is 
also called the Fresnel region because the field expressions in this region reduce to 
Fresnel integrals. 

The discussion has centered around the finite length antenna of length / with the 
observation considered to be a point source. If the antenna is not a line source, / in 
(4-53) must represent the largest dimension of the antenna (which for an aperture is 
the diagonal). Also if the transmitting antenna has maximum length l, and the receiving 
antenna has maximum length l,, then the sum of l, and l, must be used in place of l 
in (4-53). 
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The boundaries for separating the far-field (Fraunhofer), the radiating near-field 
(Fresnel), and the reactive near-field regions are not very rigid. Other criteria have 
also been established [4] but the ones introduced here are the most “popular.” Also 
the fields, as the boundaries from one region to the other are crossed, do not change 
abruptly but undergo a very gradual transition. 


4.4.8 Reactive Near-Field Region 


If the distance of observation is smaller than the inner boundary of the Fresnel region, 
this region is usually designated as reactive near-field with inner and outer boundaries 
defined by 


0.62y P/A >r >0 (4-54) 


where / is the length of the antenna. In this region the reactive power density predom- 
inates, as was demonstrated in Section 4.1 for the infinitesimal dipole. 

In summary, the space surrounding an antenna is divided into three regions whose 
boundaries are determined by 


reactive near-field [0.62,/ D3/X. >r > 0] (4-55a) 
radiating near-field (Fresnel) [2D*/A > r > 0.62,/ D3/A] (4-55b) 
far-field (Fraunhofer) [oo > r > 2D?/A] (4-55c) 


where D is the largest dimension of the antenna (D = l for a wire antenna). 


4.5 FINITE LENGTH DIPOLE 


The techniques that were developed previously can also be used to analyze the radiation 
characteristics of a linear dipole of any length. To reduce the mathematical complexi- 
ties, it will be assumed in this chapter that the dipole has a negligible diameter (ideally 
zero). This is a good approximation provided the diameter is considerably smaller than 
the operating wavelength. Finite radii dipoles will be analyzed in Chapters 8 and 9. 


4.5.1 Current Distribution 


For a very thin dipole (ideally zero diameter), the current distribution can be written, 


to a good approximation, as 
estas l 
â; Io sin | k 77% ; 0<z' <l/2 


L (x' nai 0, y mad 0, z’) — I (4-56) 
â, Io sin [ (5 + 2] , —71/2<27 <0 


This distribution assumes that the antenna is center-fed and the current vanishes at 
the end points (z' = 1/2). Experimentally it has been verified that the current in a 
center-fed wire antenna has sinusoidal form with nulls at the end points. For / = 4/2 
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and 4/2 < I < à the current distribution of (4-56) is shown plotted in Figures 1.16(b) 
and 1.12(c), respectively. The geometry of the antenna is that shown in Figure 4.5. 


4.5.2 Radiated Fields: Element Factor, Space Factor, and Pattern 
Multiplication 


For the current distribution of (4-56) it will be shown in Chapter 8 that closed form 
expressions for the E- and H-fields can be obtained which are valid in all regions 
(any observation point except on the source itself). In general, however, this is not 
the case. Usually we are limited to the far-field region, because of the mathematical 
complications provided in the integration of the vector potential A of (4-2). Since closed 
form solutions, which are valid everywhere, cannot be obtained for many antennas, the 
observations will be restricted to the far-field region. This will be done first in order to 
illustrate the procedure. In some cases, even in that region it may become impossible 
to obtain closed form solutions. 

The finite dipole antenna of Figure 4.5 is subdivided into a number of infinitesimal 
dipoles of length Az’. As the number of subdivisions is increased, each infinitesimal 
dipole approaches a length dz’. For an infinitesimal dipole of length dz’ positioned 
along the z-axis at z’, the electric and magnetic field components in the far field are 
given, using (4-26a)—(4-26c), as 


CELOS 28-757 


dEg c jn TUR sin 0 dz’ (4-57a) 
dE, ~ dEy = dH, = dH = 0 (4-57b) 
dH, > pee sin dz’ (4-57c) 


where R is given by (4-39) or (4-40). 
Using the far-field approximations given by (4-46), (4-57a) can be written as 


kL,(x', y, ze" 
SSS SSS 


Anr sin et Jk cos? gr! (4-58) 


d Eg a 


Summing the contributions from all the infinitesimal elements, the summation reduces, 
in the limit, to an integration. Thus 


H/2 ke- Je 41/2 m 
E, = f dEs = jn sinó | J LE’, y’, z)e!* uL] (4-582) 
—1/2 Amr —l/2 


The factor outside the brackets is designated as the element factor and that within 
the brackets as the space factor. For this antenna, the element factor is equal to the 
field of a unit length infinitesimal dipole located at a reference point (the origin). In 
general, the element factor depends on the type of current and its direction of flow 
while the space factor is a function of the current distribution along the source. 
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The total field of the antenna is equal to the product of the element and space factors. 


This is referred to as pattern multiplication for continuously distributed sources (see 
also Chapter 7), and it can be written as 


total field = (element factor) x (space factor) (4-59) 


The pattern multiplication for continuous sources is analogous to the pattern multipli- 
cation of (6-5) for discrete-element antennas (arrays). 
For the current distribution of (4-56), (4-58a) can be written as 


kIne7 ik" 0 l "— 
Eg = a sin 0 Uu sin [ (5 3E 3] etikz' eo88 qz 
Aor -1/2 2 


HH/2 l T 
+f sin [ (5 — 2] et I coso az) (4-60) 
0 


Each one of the integrals in (4-60) can be integrated using 


OLX 


Ux ut m — GU. > ET a 
fe sin(x + y) dx = o + Bi [a sin(Bx + y) — B cos(Bx + y)] (4-61) 


where 


æ = Xjkcos0 (4-61a) 
p -—-k (4-61b) 
y —kKJ/2 (4-616) 


After some mathematical manipulations, (4-60) takes the form of 


kl kl 
mz COS CON T 


Ee > jn (4-62a) 


2r sind 


In a similar manner, or by using the established relationship between the £g and Hy 
in the far field as given by (3-58b) or (4-27), the total Hy, component can be written as 


kl kl 

ug, | COS| —cos@ } — cos | — 

Eg Joe 2 2 
Hc i mE (4-62b) 


n BL sin 0 
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4.5.3 Power Density, Radiation Intensity, and Radiation Resistance 


For the dipole, the average Poynting vector can be written as 


y ae x == a xa = SS a X ag— 
a 2 2 0 £0 pity 2 0 Lo ó 


kl kl\ T? 
1 TAL cos cos 6 | — cos 5 | 
Say = 4,—|E,|" = 4, rm ee 4- 
Wa a, Way a Zn ol a ep sinó (4-63) 


and the radiation intensity as 


kl r ki\ q? 
TAL COS 7 COS COS 2 


Uer W=] a wu ce 4-64 
oe ur sin Ó ( ) 


The normalized (to 0 dB) elevation power patterns, as given by (4-64) for l = 
A/4, X/2, 3X/4, and X are shown plotted in Figure 4.6. The current distribution of each 
is given by (4-56). The power patterns for an infinitesimal dipole / « X (U ~ sin? 0) 
is also included for comparison. As the length of the antenna increases, the beam 
becomes narrower. Because of that, the directivity should also increase with length. It 
is found that the 3-dB beamwidth of each is equal to 


I&A 3-dB beamwidth = 90° 

l= 1/4 3-dB beamwidth = 87° 

l= 1/2 3-dB beamwidth = 78° (4-65) 
l = 34/4 3-dB beamwidth = 64° 

l=) 3-dB beamwidth = 47.8° 


As the length of the dipole increases beyond one wavelength (/ > A), the number of 
lobes begin to increase. The normalized power pattern for a dipole with / = 1.254 is 
shown in Figure 4.7. In Figure 4.7(a) the three-dimensional pattern is illustrated using 
the software from [5], while in Figure 4.7(b) the two-dimensional (elevation pattern) 
is depicted. For the three-dimensional illustration, a 90^ angular section of the pattern 
has been omitted to illustrate the elevation plane directional pattern variations. The 
current distribution for the dipoles with / = A/4, 1/2, A, 34/2, and 2A, as given by 
(4-56), is shown in Figure 4.8. 

To find the total power radiated, the average Poynting vector of (4-63) is integrated 
over a sphere of radius r. Thus 


2x m 
Pad = f Wa + ds = / Í à, Wa - A,r? sin d0 dọ 
0 0 
S 


2x mA 
= f Í War? sin 0 d dó (4-66) 
0 0 
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3-dB beamwidth = 90° 
3-dB beamwidth = 87° 
3-dB beamwidth = 78° 
3-dB beamwidth = 64° 
3-dB beamwidth = 47.8° 


Figure 4.6 Elevation plane amplitude patterns for a thin dipole with sinusoidal current distri- 


bution (| = 4/50, 4/4, 2/2, 34/4, A). 


Using (4-63), we can write (4-66) as 


2x m 
Prag = i i War? sin@ d0 do 
0 0 


el 


i 4r 0 


l 


— cos 0 


TAL f E ( 2 
—H" xm 


(4-67) 
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(a) Three-dimensional 


Relative power 
(dB down) 


180° 


(b) Two-dimensional 


Figure 4.7 Three- and two-dimensional amplitude patterns for a thin dipole of / = 1.254 and 
sinusoidal current distribution. 
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Figure 4.8 Current distributions along the length of a linear wire antenna. 


After some extensive mathematical manipulations, it can be shown that (4-67) 
reduces to 


2 
Pas nic + In(kl) — C; (kl) + 4 sin(kD[S; (kl) — 25; (4)] 
+ Lcos(kD[C + In(kl/2) + C;(2k1) — 2C; ()1) (4-68) 


where C = 0.5772 (Euler’s constant) and C;(x) and S;(x) are the cosine and sine 
integrals (see Appendix III) given by 


?? cos y * cos y 
Ci(x) = -f 7 ay= f » dy (4-682) 


oo 


SG) = f Eon (4-68b) 
0 y 
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The derivation of (4-68) from (4-67) is assigned as a problem at the end of the chapter 
(Prob. 4.21). C;(x) is related to Cj, (x) by 


Ci, (x) = In(yx) — C; (x) = In(y) + In(x) — Ci(x) 
= 0.5772 + In(x) — C; (x) (4-69) 


Ci, (x) = f (==) dy (4-69a) 
0 y 


Ci (x), S; (x) and Cj, (x) are tabulated in Appendix III. 
The radiation resistance can be obtained using (4-18) and (4-68) and can be 
written as 


where 


e 2Prad 


n 
ye = —{C + In(kl) — C; (kl 
T 3 e PIRA) (kl) 


+ 4 sin(kl) x [S;(2k1) — 2S; (kD)] (4-70) 


+ Lcos(kl) x [C + In(kl/2) + C: (2kl) — 2C; (kD)]) 


Shown in Figure 4.9 is a plot of R, as a function of / (in wavelengths) when the 
antenna is radiating into free-space (5j ~ 1207). 

The imaginary part of the impedance cannot be derived using the same method as 
the real part because, as was explained in Section 4.2.2, the integration over a closed 
sphere in (4-13) does not capture the imaginary power contributed by the transverse 
component Wọ of the power density. Therefore, the EMF method is used in Chapter 8 as 


1000 rT TT TT TT 7 T 4.0 
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Figure 4.9 Radiation resistance, input resistance and directivity of a thin dipole with sinusoidal 
current distribution. 
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an alternative approach. Using the EMF method, the imaginary part of the impedance, 
relative to the current maximum, is given by (8-60b) or 


Xx. > las (kl) + cos(kD[2S; (kl) — S; QkL)] 
2 
— sin(Kl) |2c; (kl) — C;(2kl) — C; (T )]| (4-70a) 


An approximate form of (4-60b) for small dipoles is given by (8-62). 


4.5.4 Directivity 


As was illustrated in Figure 4.6, the radiation pattern of a dipole becomes more direc- 
tional as its length increases. When the overall length is greater than one wavelength, 
the number of lobes increases and the antenna loses its directional properties. The 
parameter that is used as a "figure of merit" for the directional properties of the 
antenna is the directivity which was defined in Section 2.6. 

The directivity was defined mathematically by (2-22), or 


F 0, X 
Do = 42 —H— M edie (4-71) 
f Í F(0, $) sin0 d0 do 
o Jo 
where F (6, $) is related to the radiation intensity U by (2-19), or 
U = BoF (0, >) (4-72) 
From (4-64), the dipole antenna of length / has 
kl ki\ 7° 
cos 21 cos 0 | — cos 5 
LOO: =O) = | —— 7 (4-73) 
sin 0 
and j 
Bo = MEN (4-73a) 
8x? 
Because the pattern is not a function of $, (4-71) reduces to 
2 F (0) |max 
Dy = ui E Olm T 
Í F (0) sin0 d0 
0 
Equation (4-74) can be written, using (4-67), (4-68), and (4-73), as 
2 F (0)|max 
p, = 2E Olma as 


Q 
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where 


Q = (C + In(kl) — C; (kl) + i sin(kl)[S;(2kl) — 2S; (kl)] 
+ $ cos(kD[C + In(k1/2) + C; Qkl) — 2C; (kl)]) (4-75a) 


The maximum value of F (0) varies and depends upon the length of the dipole. 

Values of the directivity, as given by (4-75) and (4-75a), have been obtained for 
0 </ <3, and are shown plotted in Figure 4.9. The corresponding values of the 
maximum effective aperture are related to the directivity by 


Aem = — Do (4-76) 
4r 


4.5.5 Input Resistance 


In Section 2.13 the input impedance was defined as “the ratio of the voltage to current 
at a pair of terminals or the ratio of the appropriate components of the electric to 
magnetic fields at a point.” The real part of the input impedance was defined as the 
input resistance which for a lossless antenna reduces to the radiation resistance, a result 
of the radiation of real power. 

In Section 4.2.2, the radiation resistance of an infinitesimal dipole was derived 
using the definition of (4-18). The radiation resistance of a dipole of length / with 
sinusoidal current distribution, of the form given by (4-56), is expressed by (4-70). 
By this definition, the radiation resistance is referred to the maximum current which 
for some lengths (J = 4/4, 34/4, A, etc.) does not occur at the input terminals of the 
antenna (see Figure 4.8). To refer the radiation resistance to the input terminals of the 
antenna, the antenna itself is first assumed to be lossless (Rz = 0). Then the power at 
the input terminals is equated to the power at the current maximum. 

Referring to Figure 4.10, we can write 


in|? |o? 
Rin mE ——R, (4-TT) 
2 2 
or 
PN 
Rin = | R, (4-77a) 
where 


Rin = radiation resistance at input (feed) terminals 

R, = radiation resistance at current maximum Eq. (4-70) 
Io = current maximum 

Tin = Current at input terminals 


For a dipole of length /, the current at the input terminals (J;,) is related to the 
current maximum (J) referring to Figure 4.10, by 


. (kl 
Ij = Ip sin (=) (4-78) 
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» le 


Figure 4.10 Current distribution of a linear wire antenna when current maximum does not 
occur at the input terminals. 


Thus the input radiation resistance of (4-77a) can be written as 


(4-79) 


Values of Ri, for O < | < 3A are shown in Figure 4.9. 

To compute the radiation resistance (in ohms), directivity (dimensionless and in dB), 
and input resistance (in ohms) for a dipole of length /, a MATLAB and FORTRAN 
computer program has been developed. The program is based on the definitions of 
each as given by (4-70), (4-71), and (4-79). The radiated power Praq is computed by 
numerically integrating (over a closed sphere) the radiation intensity of (4-72)—(4-73a). 
The program, both in MATLAB and FORTRAN, is included in the computer disc made 
available with the book. The length of the dipole (in wavelengths) must be inserted as 
an input. 

When the overall length of the antenna is a multiple of A (ie. J=naA,n= 
1,2, 3,...), it is apparent from (4-56) and from Figure 4.8 that I = 0. That is, 


l 
Lin = Io sin L (5 £ 2] 


which indicates that the input resistance at the input terminals, as given by (4-77a) or 
(4-79) 1s infinite. In practice this is not the case because the current distribution does 
not follow an exact sinusoidal distribution, especially at the feed point. It has, however, 
very high values. Two of the primary factors which contribute to the nonsinusoidal 


z-0 =0 (4-80) 


FINITE LENGTH DIPOLE 181 


current distribution on an actual wire antenna are the nonzero radius of the wire and 
finite gap spacing at the terminals. 

The radiation resistance and input resistance, as predicted, respectively, by (4-70) 
and (4-79), are based on the ideal current distribution of (4-56) and do not account for 
the finite radius of the wire or the gap spacing at the feed. Although the radius of the 
wire does not strongly influence the resistances, the gap spacing at the feed does play 
a significant role especially when the current at and near the feed point is small. 


4.5.6 Finite Feed Gap 


To analytically account for a nonzero current at the feed point for antennas with a finite 
gap at the terminals, Schelkunoff and Friis [6] have changed the current of (4-56) by 
including a quadrature term in the distribution. The additional term is inserted to take 
into account the effects of radiation on the antenna current distribution. In other words, 
once the antenna is excited by the “ideal” current distribution of (4-56), electric and 
magnetic fields are generated which in turn disturb the “ideal” current distribution. 
This reaction is included by modifying (4-56) to 


a, L sin E (5 — 3] + jplo [osa — cos (5) |} ; 


0xz xI/2 


Lx, y, z’) = l k 
a, L sin L (5 + 2] + jplo [costo — cos (2)]) 3 


—l/2<z'<0 


(4-81) 


where p is a coefficient that is dependent upon the overall length of the antenna and 
the gap spacing at the terminals. The values of p become smaller as the radius of the 
wire and the gap decrease. 

When / = 4/2, 


L(x, y, z) = Jo + jp)cos(kz) 0 < |z| < 4/4 (4-82) 
and for | =X 


y eg à. Io(sin(kz) + jp[1 + cos(kz’)]} 0zxz xA/2 
L(x , y ^£ ) = X A : (4-83) 
â, Jo{— sin(kz) + jp[1 + cos(kz)]}  —4/2xz <0 


Thus for l = 4/2 the shape of the current is not changed while for / = X it is modified 
by the second term which is more dominant for small values of z’. 

The variations of the current distribution and impedances, especially of wire-type 
antennas, as a function of the radius of the wire and feed gap spacing can be easily 
taken into account by using advanced computational methods and numerical techniques, 
especially Integral Equations and Moment Method [7]-[12], which are introduced in 
Chapter 8. 

To illustrate the point, the current distribution of an l = 4/2 and / = X dipole has 
been computed using an integral equation formulation with a moment method numer- 
ical solution, and it is shown in Figure 8.13(b) where it is compared with the ideal 
distribution of (4-56) and other available data. For the moment method solution, a gap 
at the feed has been inserted. As expected and illustrated in Figure 8.13(b), the current 
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distribution for the l = 4/2 dipole based on (4-56) is not that different from that based 
on the moment method. This is also illustrated by (4-82). Therefore the input resistance 
based on these two methods will not be that different. However, for the l = A dipole, 
the current distribution based on (4-56) is quite different, especially at and near the 
feed point, compared to that based on the moment method, as shown in Figure 8.13(b). 
This is expected since the current distribution based on the ideal current distribution is 
zero at the feed point; for practical antennas it is very small. Therefore the gap at the 
feed plays an important role on the current distribution at and near the feed point. In 
turn, the values of the input resistance based on the two methods will be quite different, 
since there is a significant difference in the current between the two methods. This is 
discussed further in Chapter 8. 


4.6 HALF-WAVELENGTH DIPOLE 


One of the most commonly used antennas is the half-wavelength (J = 4/2) dipole. 
Because its radiation resistance is 73 ohms, which is very near the 50-ohm or 75-ohm 
characteristic impedances of some transmission lines, its matching to the line is sim- 
plified especially at resonance. Because of its wide acceptance in practice, we will 
examine in a little more detail its radiation characteristics. 

The electric and magnetic field components of a half-wavelength dipole can be 
obtained from (4-62a) and (4-62b) by letting l = 4/2. Doing this, they reduce to 


T 
Ioer | COS (5 cos e) 


2nr sin 0 


(4-84) 


l T 
dye COS (5 cos e) 


Hy, = — "t E 
p 2nr sind (4-85) 


In turn, the time-average power density and radiation intensity can be written, respec- 


tively, as 
2 


TAL cos (+ cos 6) " lol 3 


Way = : "0 4-86 
: N 2p? sin ip is ( ) 
and 
x 2 
— 0 2 
lol? cos (7 cos ) Mol? . 3 
U ger o a (pee Ee Aa) ipa MEDI dn 4-87 
D D 8x? sin Ó 7 8x? e ( ) 


whose two-dimensional pattern is shown plotted in Figure 4.6 while the three- 
dimensional pattern is depicted in Figure 4.11. For the three-dimensional pattern of 
Figure 4.11, a 90^ angular sector has been removed to illustrate the figure-eight 
elevation plane pattern variations. 
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x [) ES 
À12 dipole 


Figure 4.11 Three-dimensional pattern of a A/2 dipole. (source: C. A. Balanis, “Antenna 
Theory: A Review" Proc. IEEE, Vol. 80, No 1. Jan. 1992. © 1992 IEEE). 


The total power radiated can be obtained as a special case of (4-67), or 


Pag = n— d0 (4-88) 


T cos? (= cos) 
0 Í 2 
0 


4r sin 0 


which when integrated reduces, as a special case of (4-68), to 


I 2 2x _ 
Poe ke Í (==) EEL Gas (4-89) 
8m Jo y 87 


By the definition of C;, (x), as given by (4-69), Cj, (277) is equal to 
Cin (277) = 0.5772 + In(2z) — C; (277) = 0.5772 + 1.838 — (—0.02) ~ 2.435 (4-90) 
where C;(27r) is obtained from the tables in Appendix III. 


Using (4-87), (4-89), and (4-90), the maximum directivity of the half-wavelength 
dipole reduces to 


Umax = 4x U |g=x/2 — 4 


Do = 4r x 1.643 (4-91) 


Prad g Prad E Cin (2n) = 2.435 


The corresponding maximum effective area is equal to 


2 2 
Aem = — Do = 1, 0.045) x 0.134? (4-92) 
JT 


An 
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and the radiation resistance, for a free-space medium (7 ~ 1207), is given by 


= 2Prad oo A 


za = — Cn (27) = 30(2.435) ~ 73 - 
UE ras Qz) ( ) (4-93) 


The radiation resistance of (4-93) is also the radiation resistance at the input termi- 
nals (input resistance) since the current maximum for a dipole of l = 4/2 occurs at the 
input terminals (see Figure 4.8). As it will be shown in Chapter 8, the imaginary part 
(reactance) associated with the input impedance of a dipole is a function of its length 
(for l = 4/2, itis equal to 742.5). Thus the total input impedance for l = 4/2 is equal to 


Zin — 734 j42.5 (4-93a) 


To reduce the imaginary part of the input impedance to zero, the antenna is matched 
or reduced in length until the reactance vanishes. The latter is most commonly used 
in practice for half-wavelength dipoles. 

Depending on the radius of the wire, the length of the dipole for first resonance 
is about / = 0.472 to 0.484; the thinner the wire, the closer the length is to 0.484. 
Thus, for thicker wires, a larger segment of the wire has to be removed from A/2 to 
achieve resonance. 


4.7 LINEAR ELEMENTS NEAR OR ON INFINITE PERFECT CONDUCTORS 


Thus far we have considered the radiation characteristics of antennas radiating into an 
unbounded medium. The presence of an obstacle, especially when it is near the radiating 
element, can significantly alter the overall radiation properties of the antenna system. 
In practice the most common obstacle that is always present, even in the absence of 
anything else, is the ground. Any energy from the radiating element directed toward 
the ground undergoes a reflection. The amount of reflected energy and its direction are 
controlled by the geometry and constitutive parameters of the ground. 

In general, the ground is a lossy medium (o #0) whose effective conductivity 
increases with frequency. Therefore it should be expected to act as a very good conduc- 
tor above a certain frequency, depending primarily upon its composition and moisture 
content. To simplify the analysis, it will first be assumed that the ground is a perfect 
electric conductor, flat, and infinite in extent. The effects of finite conductivity and 
earth curvature will be incorporated later. The same procedure can also be used to 
investigate the characteristics of any radiating element near any other infinite, flat, 
perfect electric conductor. Although infinite structures are not realistic, the developed 
procedures can be used to simulate very large (electrically) obstacles. The effects that 
finite dimensions have on the radiation properties of a radiating element can be conve- 
niently accounted for by the use of the Geometrical Theory of Diffraction (Chapter 12, 
Section 12.10) and/or the Moment Method (Chapter 8, Section 8.4). 


4.7.4 Image Theory 


To analyze the performance of an antenna near an infinite plane conductor, virtual 
sources (images) will be introduced to account for the reflections. As the name implies, 
these are not real sources but imaginary ones, which when combined with the real 
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(b) Field components at point of reflection 


Figure 4.12 Vertical electric dipole above an infinite, flat, perfect electric conductor. 


sources, form an equivalent system. For analysis purposes only, the equivalent system 
gives the same radiated field on and above the conductor as the actual system itself. 
Below the conductor, the equivalent system does not give the correct field. However, 
in this region the field is zero and there is no need for the equivalent. 

To begin the discussion, let us assume that a vertical electric dipole is placed a 
distance h above an infinite, flat, perfect electric conductor as shown in Figure 4.12(a). 
The arrow indicates the polarity of the source. Energy from the actual source is radi- 
ated in all directions in a manner determined by its unbounded medium directional 
properties. For an observation point Pi, there is a direct wave. In addition, a wave 
from the actual source radiated toward point R, of the interface undergoes a reflection. 
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The direction is determined by the law of reflection (6; = 6/) which assures that the 
energy in homogeneous media travels in straight lines along the shortest paths. This 
wave will pass through the observation point Pı. By extending its actual path below the 
interface, it will seem to originate from a virtual source positioned a distance h below 
the boundary. For another observation point P) the point of reflection is R2, but the 
virtual source is the same as before. The same is concluded for all other observation 
points above the interface. 

The amount of reflection is generally determined by the respective constitutive 
parameters of the media below and above the interface. For a perfect electric conductor 
below the interface, the incident wave is completely reflected and the field below the 
boundary is zero. According to the boundary conditions, the tangential components of 
the electric field must vanish at all points along the interface. Thus for an incident 
electric field with vertical polarization shown by the arrows, the polarization of the 
reflected waves must be as indicated in the figure to satisfy the boundary conditions. To 
excite the polarization of the reflected waves, the virtual source must also be vertical 
and with a polarity in the same direction as that of the actual source (thus a reflection 
coefficient of 4-1). 

Another orientation of the source will be to have the radiating element in a horizontal 
position, as shown in Figure 4.24. Following a procedure similar to that of the vertical 
dipole, the virtual source (image) is also placed a distance h below the interface but 
with a 180° polarity difference relative to the actual source (thus a reflection coefficient 
of —1). 

In addition to electric sources, artificial equivalent “magnetic” sources and magnetic 
conductors have been introduced to aid in the analyses of electromagnetic boundary- 
value problems. Figure 4.13(a) displays the sources and their images for an electric 
plane conductor. The single arrow indicates an electric element and the double a 
magnetic one. The direction of the arrow identifies the polarity. Since many problems 
can be solved using duality, Figure 4.13(b) illustrates the sources and their images 
when the obstacle is an infinite, flat, perfect “magnetic” conductor. 


4.7.2 Vertical Electric Dipole 


The analysis procedure for vertical and horizontal electric and magnetic elements near 
infinite electric and magnetic plane conductors, using image theory, was illustrated 
graphically in the previous section. Based on the graphical model of Figure 4.12, the 
mathematical expressions for the fields of a vertical linear element near a perfect 
electric conductor will now be developed. For simplicity, only far-field observations 
will be considered. 

Referring to the geometry of Figure 4.14(a), the far-zone direct component of the 
electric field of the infinitesimal dipole of length /, constant current Jp, and observation 
point P is given according to (4-26a) by 

d ; kIgle- : 
Ey = jn— — — sin (4-94) 
Arr; 
The reflected component can be accounted for by the introduction of the virtual source 
(image), as shown in Figure 4.14(a), and it can be written as 


kIole— Jk” 


E; = DEM sin 0» (4-95) 
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Figure 4.13 Electric and magnetic sources and their images near electric (PEC) and 
magnetic (PMC) conductors. 


Or 
A ; kIgle- i"? : 
Ey = jn—— sin 6» (4-95a) 
Arr 


since the reflection coefficient R, is equal to unity. 

The total field above the interface (z > 0) is equal to the sum of the direct and 
reflected components as given by (4-94) and (4-95a). Since a field cannot exist inside 
a perfect electric conductor, it is equal to zero below the interface. To simplify the 
expression for the total electric field, it is referred to the origin of the coordinate system 
(z = 0). 

In general, we can write that 


ri = [r? +h? — 2rh cos0]!? (4-96a) 
ro = [r? + hk? — 2rh cos(x — 0)]!? (4-96b) 
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(a) Vertical electric dipole above ground plane 
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(b) Far-field observations 


Figure 4.14 Vertical electric dipole above infinite perfect electric conductor. 
For far-field observations (r >> A), (4-96a) and (4-96b) reduce using the binomial 
expansion to 


ric&r-—hcos0 (4-972) 
r2 ~r+hcosdé (4-97b) 


As shown in Figure 4.14(b), geometrically (4-97a) and (4-97b) represent parallel lines. 
Since the amplitude variations are not as critical 


rı% rı œr for amplitude variations (4-98) 
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Using (4-97a)—(4-98), the sum of (4-94) and (4-95a) can be written as 


. kIgle?* 
Ey > i s sinO[2cos(khcos0)] z>0 (4-99) 


Eg =0 z«0 


It is evident that the total electric field is equal to the product of the field of a single 
source positioned symmetrically about the origin and a factor [within the brackets in 
(4-99)] which is a function of the antenna height (h) and the observation angle (0). 
This is referred to as pattern multiplication and the factor is known as the array factor 
[see also (6-5)]. This will be developed and discussed in more detail and for more 
complex configurations in Chapter 6. 

The shape and amplitude of the field is not only controlled by the field of the 
single element but also by the positioning of the element relative to the ground. To 
examine the field variations as a function of the height h, the normalized (to 0 dB) 
power patterns for h = 0, 2/8, A/4, 34/8, 4/2, and à have been plotted in Figure 4.15. 
Because of symmetry, only half of each pattern is shown. For h > 4/4 more minor 
lobes, in addition to the major ones, are formed. As h attains values greater than A, 
an even greater number of minor lobes is introduced. These are shown in Figure 4.16 
for h — 2X and 54. The introduction of the additional lobes in Figure 4.16 is usually 
called scalloping. In general, the total number of lobes is equal to the integer that is 
closest to 


2h 
number of lobes ~ zu +1 (4-100) 
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Figure 4.15 Elevation plane amplitude patterns of a vertical infinitesimal electric dipole for 
different heights above an infinite perfect electric conductor. 
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Figure 4.16 Elevation plane amplitude patterns of a vertical infinitesimal electric dipole for 
heights of 2 and 54 above an infinite perfect electric conductor. 


Since the total field of the antenna system is different from that of a single element, 
the directivity and radiation resistance are also different. To derive expressions for them, 
we first find the total radiated power over the upper hemisphere of radius r using 


1 27 z/2 
hac f ws ds — — Í |Eg|?r? sin @ d0 do 
2n Jo 0 


x z/2 
= zf |Eo|?r? sin @ d0 (4-101) 
n Jo 


which simplifies, with the aid of (4-99), to 


Tol 


^F1 cos(2kh) | sin(2kh) 
Paca ee ang o (4-102) 


3 (2kh)? (2kh)3 


As kh — oo the radiated power, as given by (4-102), is equal to that of an isolated 
element. However, for kh — 0, it can be shown by expanding the sine and cosine 
functions into series that the power is twice that of an isolated element. Using (4-99), 
the radiation intensity can be written as 


Iol |? 


2 sin? 0 cos? (kh cos 0) (4-103) 


1 n 

U =r? Wa =r? | —|Eọ? |) = + 

r a r (= ol 2 

The maximum value of (4-103) occurs at 0 = 2/2 and is given, excluding kh — oo, by 


Toki? 


A 


n 
Umax = Ulo=nj2 = — 


5 (4-103a) 
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which is four times greater than that of an isolated element. With (4-102) and (4-103a), 
the directivity can be written as 


47t U max 2 
Hy Paa f — cosQkh) rem] C 


3 (kh)? A (2kh)3 


whose value for kh = 0 is 3. The maximum value occurs when kh = 2.881 (h = 
0.45852), and it is equal to 6.566 which is greater than four times that of an isolated 
element (1.5). The pattern for h = 0.45854 is shown plotted in Figure 4.17 while the 
directivity, as given by (4-104), is displayed in Figure 4.18 for 0 < h <5). 

Using (4-102), the radiation resistance can be written as 


3  Qkhy (kh)? Celps) 


r 


2 Paad IN? [1 cos(2kh) | sin(2kh) 
= —2nn|- 

[Tol & | | 
whose value for kh — oo is the same and for kh = 0 is twice that of the isolated 
element as given by (4-19). When kh = 0, the value of R, as given by (4-105) is only 
one-half the value of an // = 2/ isolated element according to (4-19). The radiation 
resistance, as given by (4-105), is plotted in Figure 4.18 for 0 < h < 5A when! = 4/50 
and the element is radiating into free-space (n ~ 1207). It can be compared to the value 
of R, = 0.316 ohms for the isolated element of Example 4.1. 

In practice, a wide use has been made of a quarter-wavelength monopole (/ = 4/4) 
mounted above a ground plane, and fed by a coaxial line, as shown in Figure 4.19(a). 
For analysis purposes, a 4/4 image is introduced and it forms the A/2 equivalent of 
Figure 4.19(b). It should be emphasized that the 1/2 equivalent of Figure 4.19(b) gives 
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Figure 4.17 Elevation plane amplitude pattern of a vertical infinitesimal electric dipole at a 
height of 0.45854 above an infinite perfect electric conductor. 
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Figure 4.18 Directivity and radiation resistance of a vertical infinitesimal electric dipole as a 
function of its height above an infinite perfect electric conductor. 
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(b) Equivalent of 4/4 monopole on infinite electric conductor 


Figure 4.19 Quarter-wavelength monopole on an infinite perfect electric conductor. 
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the correct field values for the actual system of Figure 4.19(a) only above the inter- 
face (z > 0,0 < 0 x 1/2). Thus, the far-zone electric and magnetic fields for the À /4 
monopole above the ground plane are given, respectively, by (4-84) and (4-85). 

From the discussions of the resistance of an infinitesimal dipole above a ground 
plane for kh = 0, it follows that the input impedance of a 4/4 monopole above a 
ground plane is equal to one-half that of an isolated 4/2 dipole. Thus, referred to the 
current maximum, the input impedance Zim is given by 


Zim (monopole) = 3Z;, (dipole) = $[73 + j42.5] = 36.5 + j21.25 (4-106) 


where 73 + j42.5 is the input impedance (and also the impedance referred to the 
current maximum) of a 4/2 dipole as given by (4-93a). 

The same procedure can be followed for any other length. The input impedance 
Zim = Rim + j Xim (referred to the current maximum) of a vertical 4/2 dipole placed 
near a flat lossy electric conductor, as a function of height above the ground plane, is 
plotted in Figure 4.20, for 0 < h < A. Conductivity values considered were 1072, 107, 
1, 10 S/m, and infinity (PEC). It is apparent that the conductivity does not strongly 
influence the impedance values. The conductivity values used are representative of dry 
to wet earth. It is observed that the values of the resistance and reactance approach, as 
the height increases, the corresponding ones of the isolated element (73 ohms for the 
resistance and 42.5 ohms for the reactance). 


4.7.8 Approximate Formulas for Rapid Calculations and Design 


Although the input resistance of a dipole of any length can be computed using (4-70) 
and (4-79), while that of the corresponding monopole using (4-106), very good answers 
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Figure 4.20 Input impedance of a vertical 4/2 dipole above a flat lossy electric conduct- 
ing surface. 
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can be obtained using simpler but approximate expressions. Defining G as 


G = kl /2 for dipole (4-107a) 
G = kl for monopole (4-107b) 


where / is the total length of each respective element, it has been shown that the input 
resistance of the dipole and monopole can be computed approximately using [13] 


0<G<n7/4 
(maximum input resistance of dipole is less than 12.337 ohms) 
R;, (dipole) = 20G? 0<1<A/4 (4-108a) 
Rin (monopole) = 10G? 0 <1 < 4/8 (4-108b) 
7/4 € G « n/2 
(maximum input resistance of dipole is less than 76.383 ohms) 
Rin (dipole) = 24.7G?? à/4 <1 < ì/2 (4-109a) 
Rin (monopole) = 12.35G?5 1/8 <1 < 4/4 (4-109b) 
n/2xG«2 
(maximum input resistance of dipole is less than 200.53 ohms) 
Rin (dipole) = 11.14G^" A/2 <1 < 0.6366). (4-110a) 
Ri, (monopole) = 5.57G^" 4/4 <1 < 0.3183A (4-110b) 


Besides being much simpler in form, these formulas are much more convenient in 
design (synthesis) problems where the input resistance is given and it is desired to 
determine the length of the element. These formulas can be verified by plotting the 
actual resistance versus length on a log—log scale and observe the slope of the line [13]. 
For example, the slope of the line for values of G up to about 1/4 ~ 0.75 is 2. 


Example 4.4 


Determine the length of the dipole whose input resistance is 50 ohms. Verify the answer. 
Solution: Using (4-109a) 


50 = 24.7G?? 


G = 1.3259 = KI /2 


Therefore 
1 = 0.4224 


Using (4-70) and (4-79) Rj, for 0.422 is 45.816 ohms, which closely agrees with the 
desired value of 50 ohms. To obtain 50 ohms using (4-70) and (4-79), | = 0.43634. 
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4.7.4 Antennas for Mobile Communication Systems 


The dipole and monopole are two of the most widely used antennas for wireless 
mobile communication systems [14]—[18]. An array of dipole elements is extensively 
used as an antenna at the base station of a land mobile system while the monopole, 
because of its broadband characteristics and simple construction, is perhaps to most 
common antenna element for portable equipment, such as cellular telephones, cordless 
telephones, automobiles, trains, etc. The radiation efficiency and gain characteristics 
of both of these elements are strongly influenced by their electrical length which is 
related to the frequency of operation. In a handheld unit, such as a cellular telephone, 
the position of the monopole element on the unit influences the pattern while it does 
not strongly affect the input impedance and resonant frequency. In addition to its use 
in mobile communication systems, the quarter-wavelength monopole is very popular 
in many other applications. An alternative to the monopole for the handheld unit is the 
loop, which is discussed in Chapter 5. Other elements include the inverted F, planar 
inverted F antenna (PIFA), microstrip (patch), spiral, and others [14]- [18]. 

The variation of the input impedance, real and imaginary parts, of a vertical 
monopole antenna mounted on an experimental unit, simulating a cellular telephone, 
are shown in Figure 4.21(a,b) [17]. It is apparent that the first resonance, around 
1,000 MHz, is of the series type with slowly varying values of impedance versus 
frequency, and of desirable magnitude, for practical implementation. For frequencies 
below the first resonance, the impedance is capacitive (imaginary part is negative), as is 
typical of linear elements of small lengths (see Figure 8.17); above the first resonance, 
the impedance is inductive (positive imaginary part). The second resonance, around 
1,500 MHz, is of the parallel type (antiresonance) with large and rapid changes in 
the values of the impedance. These values and variation of impedance are usually 
undesirable for practical implementation. The order of the types of resonance (series 
vs. parallel) can be interchanged by choosing another element, such as a loop, as 
illustrated in Chapter 5, Section 5.8, Figure 5.20 [18]. The radiation amplitude patterns 
are those of a typical dipole with intensity in the lower hemisphere. 

Examples of monopole type antennas used in cellular and cordless telephones, 
walkie-talkies, and CB radios are shown in Figure 4.22. The monopoles used 
in these units are either stationary or retractable/telescopic. The length of the 
retractable/telescopic monopole, such as the one used in the Motorola StarTAC and 
in others, is varied during operation to improve the radiation characteristics, such as 
the amplitude pattern and input impedance. During nonusage, the element is usually 
retracted within the body of the device to prevent it from damage. Units that do not 
utilize a visible monopole type of antenna, such as the one of the cellular telephones in 
Figure 4.22, use embedded/hidden type of antenna element. One such embedded/hidden 
element that is often used is a planar inverted F antenna (PIFA) [16]; there are others. 
Many of the stationary monopoles are often covered with a dielectric cover. Within 
the cover, there is typically a straight wire. However, another design that is often used 
is a helix antenna (see Chapter 10, Section 10.3.1) with a very small circumference 
and overall length so that the helix operates in the normal mode, whose relative pattern 
is exhibited in Figure 10.14(a) and which resembles that of a straight-wire monopole. 
The helix is used, in lieu of a straight wire, because it can be designed to have larger 
input impedance, which is more attractive for matching to typical feed lines, such as a 
coaxial line (see Problem 10.18). 
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Figure 4.21 Input impedance, real and imaginary parts, of a vertical monopole mounted on 
an experimental cellular telephone device. 


An antenna configuration that is widely used as a base-station antenna for mobile 
communication and is seen almost everywhere is shown in Figure 4.23. It is a triangular 
array configuration consisting of twelve dipoles, with four dipoles on each side of the 
triangle. Each four-element array, on each side of the triangle, is used to cover an 
angular sector of 120^, forming what is usually referred to as a sectoral array [see 
Section 16.3.1(B) and Figure 16.6(a)]. 
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Figure 4.22 Examples of stationary, retractable/telescopic and embedded/hidden antennas used 
in commercial cellular and cordless telephones, walkie-talkies, and CB radios. (source: Repro- 
duced with permissions from Motorola, Inc. © Motorola, Inc.; Samsung © Samsung; Midland 
Radio Corporation € Midland Radio Corporation). 


4.7.5 Horizontal Electric Dipole 

Another dipole configuration is when the linear element is placed horizontally relative 
to the infinite electric ground plane, as shown in Figure 4.24. The analysis procedure of 
this is identical to the one of the vertical dipole. Introducing an image and assuming far- 
field observations, as shown in Figure 4.25(a,b), the direct component can be written as 


kIole 7^ 
Ed = jn sny (4-111) 
4r ri 
and the reflected one by 
z . klIogle- ^ — 
Ey = jRan sin y (4-112) 
4r 
T kIgle-i* 
cibis 
E; = -jn siny (4-112a) 
An 
since the reflection coefficient is equal to Ry = —1. 


To find the angle y, which is measured from the y-axis toward the observation 
point, we first form 
cos y, = â, - à, = â, - (à, sin 0 cos + à, sin 0 sing + à; cos0) = sin 0 sing 
(4-113) 
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Figure 4.23 Triangular array of dipoles used as a sectoral base-station antenna for mobile 
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Figure 4.24 Horizontal electric dipole, and its associated image, above an infinite, flat, perfect 
electric conductor. 
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(b) Far-field observations 


Figure 4.25 Horizontal electric dipole above an infinite perfect electric conductor. 


from which we find 


sin y = y 1 — cos? y = 4/1 — sin? 0 sin? $ (4-114) 


Since for far-field observations 


rı ~r—hcosdé 


for phase variations (4-115a) 
r2 r--hcos0 


rxn xr for amplitude variations (4-115b) 


200 LINEAR WIRE ANTENNAS 


the total field, which is valid only above the ground plane (z > h;0 < 0 <7/2,0< 
$ < 27), can be written as 


d r ; kIole J** EO) 1:0 ers 
Ey = Ey + Ey = ing V 1 — sin^ 0 sin“ @ [2j sin(kh cos 0)] (4-116) 


Equation (4-116) again consists of the product of the field of a single isolated element 
placed symmetrically at the origin and a factor (within the brackets) known as the 
array factor. This again is the pattern multiplication rule of (6-5) which is discussed 
in more detail in Chapter 6. 


Example 4.5 


Using the vector potential A and the procedure outlined in Section 3.6 of Chapter 3, derive 
the far-zone spherical electric and magnetic field components of a horizontal infinitesimal 
dipole placed at the origin of the coordinate system of Figure 4.1. 

Solution: Using (4-4), but for a horizontal infinitesimal dipole of uniform current directed 
along the y-axis, the corresponding vector potential can be written as 


pple 1 


AS i, 


Amr 


with the corresponding spherical components, using the rectangular to spherical components 
transformation of (4-5), expressed as 


3 note S 
Ag = A, cos 0 sing = — — —— cos 0 sing 
Aor 


A A é pelle 1 ó 
= ; COS Q = ——— COS 
jh ? 4nr 
Using (3-58a) and (3-58b), we can write the corresponding far-zone electric and magnetic 
field components as 


IA oplle i” : 
Eg = — je Ag = — j ———— ——— cos 0 sin ġ 
TT 


Io£ —jkr 
ey —j cosp 


Although the electric-field components, and thus the magnetic field components, take a 
different analytical form than (4-111), the patterns are the same. 


To examine the variations of the total field as a function of the element height 
above the ground plane, the two-dimensional elevation plane patterns (normalized to 
0 dB) for 6 = 90° (y-z plane) when h = 0, 4/8, 4/4, 34/8, 4/2, and X are plotted 
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Figure 4.26 Elevation plane ($ = 90°) amplitude patterns of a horizontal infinitesimal electric 
dipole for different heights above an infinite perfect electric conductor. 


in Figure 4.26. Since this antenna system is not symmetric with respect to the z axis, 
the azimuthal plane (x-y plane) pattern is not isotropic. 

To obtain a better visualization of the radiation intensity in all directions above the 
interface, the three-dimensional pattern for h = X is shown plotted in Figure 4.27. The 
radial distance on the x-y plane represents the elevation angle 0 from 0^ to 90^, and 
the z-axis represents the normalized amplitude of the radiation field intensity from 0 
to 1. The azimuthal angle $ (0 < $ < 27) is measured from the x- toward the y-axis 
on the x-y plane. 

As the height increases beyond one wavelength (h > A), a larger number of lobes 
is again formed. This is illustrated in Figure 4.28 for h = 2X and 54. The scalloping 
effect is evident here, as in Figure 4-16 for the vertical dipole. The total number of 
lobes is equal to the integer that most closely is equal to 


h 
number of lobes — 2 (2) (4-117) 


with unity being the smallest number. 
Following a procedure similar to the one performed for the vertical dipole, the 
radiated power can be written as 


VIA 
Pag = Ty 


hl 
^ 


s E sinQkh) | cosQkh) | sin(2kh) | 
Hug (4-118) 
3 2kh (2kh)2 (2kh)3 


and the radiation resistance as 


r a (LY [2 sing) cos(2kh) | sin(2kh) m 
Cy re (=) E kh Ok? ti] eee 
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Figure 4.27  Three-dimensional amplitude pattern of an infinitesimal horizontal dipole a dis- 
tance h = i above an infinite perfect electric conductor. 
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Figure 4.28 Elevation plane ($ = 90°) amplitude patterns of a horizontal infinitesimal electric 
dipole for heights 24 and 54 above an infinite perfect electric conductor. 
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By expanding the sine and cosine functions into series, it can be shown that (4-119) 
reduces for small values of kh to 


2 2 3 2 2 
kh—>0 l 2 2 8 (27h 322° (1 h 
R, = — =- — -+ — | — = — — 4-120 
m (>) É TES "5 (5) @ owe 
For kh — oo, (4-119) reduces to that of an isolated element. The radiation resistance, 
as given by (4-119), is plotted in Figure 4.29 for 0 < h < 5A when / = 4/50 and the 


antenna is radiating into free-space (n — 1207). 
The radiation intensity is given by 


2 2 
Ux LIES - z (1 — sin? 0 sin? $) sin? (kh cos 4) (4-121) 
n 


Iol 
À 


The maximum value of (4-121) depends on the value of kh (whether kh < x/2,h < 
à/4 or kh > z/2,h > 2/4). It can be shown that the maximum of (4-121) is: 


» yf? kh < 1/2 (h < 2/4) 

3 sin” (kh) (0 = 0*) (4-122a) 
Umax = kh > 7/2 (h > 2/4) 

n | Tol [@ = 0? and sin(kh cos Omax) = 1 (4-122b) 

2| A OF max = cos! (x /2kh)] 


Using (4-118) and (4-122a), (4-122b), the directivity can be written as 


A Gp /2 (h < 2/4) 4-123 
Dy = Stax _ | REW SUR x: exem) 
Paa 4 
a PESE PETT, (4-123b) 
REW > m/2 (h >1/4 
8 Cole ee 0.5 
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Figure 4.29 Radiation resistance and maximum directivity of a horizontal infinitesimal electric 
dipole as a function of its height above an infinite perfect electric conductor. 
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where 
RO) 2  sinQkh)  cosQkh) " sin(2kh) (4-123c) 
—|———————————— —————— - C 
3 2kh (2kh)? (2kh)3 
For small values of kh (kh — 0), (4-123a) reduces to 
4 sin?(kh in kh V? 
Do kh>0 sin’ (kh) 24. sin (4-124) 
2. 9 à 8 (kh)? kh 
3 3 15 


For h = 0 the element is shorted and it does not radiate. The directivity, as given by 
(4-123a)—(4-123b) is plotted for 0 < h < 5A in Figure 4.29. It exhibits a maximum 
value of 7.5 for small values of h. Maximum values of slightly greater than 6 occur 
when h ~ (0.615 + n/2)4,n = 1,2,3,.... 

The input impedance Zin = Rim + J Xim (referred to the current maximum) of a hor- 
izontal 4/2 dipole above a flat lossy electric conductor is shown plotted in Figure 4.30 
for 0 < h < à. Conductivities of 10-7, 107!, 1, 10 S/m, and infinity (PEC) were con- 
sidered. It is apparent that the conductivity does have a more pronounced effect on 
the impedance values, compared to those of the vertical dipole shown in Figure 4.20. 
The conductivity values used are representative of those of the dry to wet earth. The 
values of the resistance and reactance approach, as the height increases, the corre- 
sponding values of the isolated element (73 ohms for the resistance and 42.5 ohms for 
the reactance). 
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Figure 4.30 Input impedance of a horizontal A/2 above a flat lossy electric conducting surface. 
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4.8 GROUND EFFECTS 


In the previous two sections the variations of the radiation characteristics (pattern, radi- 
ation resistance, directivity) of infinitesimal vertical and horizontal linear elements were 
examined when they were placed above plane perfect electric conductors. Although 
ideal electric conductors (o = oo) are not realizable, their effects can be used as 
guidelines for good conductors (o >> we, where e is the permittivity of the medium). 

One obstacle that is not an ideal conductor, and it is always present in any antenna 
system, is the ground (earth). In addition, the earth is not a plane surface. To simplify the 
analysis, however, the earth will initially be assumed to be flat. For pattern analysis, 
this is a very good engineering approximation provided the radius of the earth is 
large compared to the wavelength and the observation angles are greater than about 
57.3/(ka)'/? degrees from grazing (a is the earth radius) [19]. Usually these angles 
are greater than about 3°. 

In general, the characteristics of an antenna at low (LF) and medium (MF) frequen- 
cies are profoundly influenced by the lossy earth. This is particularly evident in the 
input resistance. When the antenna is located at a height that is small compared to 
the skin depth of the conducting earth, the input resistance may even be greater than 
its free-space values [19]. This leads to antennas with very low efficiencies. Improve- 
ments in the efficiency can be obtained by placing radial wires or metallic disks on 
the ground. 

The analytical procedures that are introduced to examine the ground effects are 
based on the geometrical optics models of the previous sections. The image (virtual) 
source is again placed a distance h below the interface to account for the reflection. 
However, for each polarization nonunity reflection coefficients are introduced which, 
in general, will be a function of the angles of incidence and the constitutive param- 
eters of the two media. Although plane wave reflection coefficients are used, even 
though spherical waves are radiated by the source, the error is small for conducting 
media [20]. The spherical nature of the wavefront begins to dominate the reflection 
phenomenon at grazing angles (i.e., as the point of reflection approaches the hori- 
zon) [21]. If the height (A) of the antenna above the interface is much less than the 
skin depth 5[5 = ./2/(@uo)] of the ground, the image depth A below the interface 
should be increased [20] by a complex distance 6(1 — j). 

The geometrical optics formulations are valid provided the sources are located inside 
the lossless medium. When the sources are placed within the ground, the formulations 
should include possible surface-wave contributions. Exact boundary-value solutions, 
based on Sommerfeld integral formulations, are available [19]. However they are too 
complex to be included in an introductory chapter. 


4.8.1 Vertical Electric Dipole 


The field radiated by an electric infinitesimal dipole when placed above the ground 
can be obtained by referring to the geometry of Figures 4.14(a) and (b). Assuming the 
earth is flat and the observations are made in the far field, the direct component of 
the field is given by (4-94) and the reflected component by (4-95) where the reflection 
coefficient R, is given by 


cos 0; — 1, cos 0 
p Miu n rol n : = —R, (4-125) 
no cos 0; + nı cos 6, 
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where Rj is the reflection coefficient for parallel polarization [7] and 


Ho E E. ; 
no = ./— = intrinsic impedance of free-space (air) 
€0 


JOM fe trey Ry. 
nı = ,/ ————— = intrinsic impedance of the ground 
01 t jo€| 


— angle of incidence (relative to the normal) 
0, — angle of refraction (relative to the normal) 


D 
| 


The angles 6; and 6, are related by Snell’s law of refraction 
Yo sin 0; = yı sin, (4-126) 


where 
yo = jko = propagation constant for free-space (air) 
kg = phase constant for free-space (air) 
yi = (a + jk) = propagation constant for the ground 
a, = attenuation constant for the ground 
k, = phase constant for the ground 


Using the far-field approximations of (4-97a)—(4-98), the total electric field above 
the ground (z > 0) can be written as 


—jkr 

E, = jn E sin ofei#h? + Rye HHH] z> 0 (4-127) 
Arr 

where R, is given by (4-125). 

The permittivity and conductivity of the earth are strong functions of the ground’s 
geological constituents, especially its moisture. Typical values for the relative permit- 
tivity e, (dielectric constant) are in the range of 5-100 and for the conductivity o in 
the range of 1074 — 1 S/m. 

A normalized (to O dB) pattern for an infinitesimal dipole above the ground with 
h = X/A,€4 = 5, f = 1 GHz, o = 107? S/m is shown plotted in Figure 4.31 (dashed 
curves) where it is compared with that (solid curve) of a perfect conductor (o, = oo). 
In the presence of the ground, the radiation toward the vertical direction (60^ > 6 > 0°) 
is more intense than that for the perfect electric conductor, but it vanishes for grazing 
angles (0 — 90^). The null field toward the horizon (0 — 90^) is formed because the 
reflection coefficient R, approaches —1 as 6; — 90°. Thus the ground effects on the 
pattern of a vertically polarized antenna are significantly different from those of a 
perfect conductor. 

Significant changes also occur in the impedance. Because the formulation for the 
impedance is much more complex [19], it will not be presented here. Graphical illus- 
trations for the impedance change of a vertical dipole placed a height h above a 
homogeneous lossy half-space, as compared to those in free-space, can be found 
in [22]. 


4.8.2 Horizontal Electric Dipole 


The analytical formulation of the horizontal dipole above the ground can also 
be obtained in a similar manner as for the vertical electric dipole. Referring to 
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| 
Relative power 
(dB down) 


h=Al4 o=% ——— o,210? Sim, £j =5, f=1 GHz 


Figure 4.31 Elevation plane amplitude patterns of an infinitesimal vertical dipole above a 
perfect electric conductor (c, = oo) and a flat earth (o; = 0.01 S/m, €,; = 5, f = 1 GHz). 


Figure 4.25(a) and (b), the direct component is given by (4-111) and the reflected 
by (4-112) where the reflection coefficient Rp is given by 


Ry for $ = 90°, 270° plane Utere) 


R | R, for $ = 0°, 180° plane 
ee 

where Ry is the reflection coefficient for parallel polarization, as given by (4-125), and 
R, is the reflection coefficient for perpendicular polarization given by [7] 


cos 6; — no cos 0 
_ mM gii bcc (4-128a) 
nı cos 0; + no cos 6, 


The angles 6; and 6, are again related by Snell's law of refraction as given by (4-126). 
Using the far-field approximations of (4-115a) and (4-115b), the total field above 
the ground (z > h) can be written as 


kIge- TM ; 
p jn— 41 — sin? sin? ġ [e/ 959 + R e~it], > — (4.129) 
Tr 


where R; is given by (4-128). 

The normalized (to 0 dB) pattern in the y-z plane ($ = 90°) for h = 4/4 is shown 
plotted in Figure 4.32 (dashed curve) where it is compared with that (solid curve) of 
a perfect conductor (o, = oo). In the space above the interface, the relative pattern 
in the presence of the ground is not significantly different from that of a perfect 
conductor. This becomes more evident by examining R, as given by (4-128). For a 
ground medium, the values of R, for most observation angles are not much different 
from —1 (the value of R; for a perfect conductor). For grazing angles (6; — 90°), the 
values of R, for the lossy ground approach —1 very rapidly. Thus the relative pattern 
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Relative power j 
(dB down) 


90° 


90° 


h = A14, ġ = 90° o=%  —-- o= 10° S/m, £4 =5, f= 1 GHz 


Figure 4.32 Elevation plane ( = 90°) amplitude patterns of an infinitesimal horizontal dipole 
above a perfect electric conductor (oc; = oo) and a flat earth (o; = 0.01 S/m, e; = 5, 
f = 1 GH32). 


of a horizontal dipole above a lossy surface is not significantly different from that 
above a perfect conductor. 


4.8.3 Earth Curvature 


Antenna pattern measurements on aircraft can be made using either scale models or 
full scale in-flight. Scale model measurements usually are made indoors using electro- 
magnetic anechoic chambers, as described in Chapter 17. The indoor facilities provide 
a controlled environment, and all-weather capability, security, and minimize electro- 
magnetic interference. However, scale model measurements may not always simulate 
real-life outdoor conditions, such as the reflecting surface of seawater. Therefore full- 
scale model measurements may be necessary. For in-flight measurements, reflecting 
surfaces, such as seawater, introduce reflections, which usually interfere with the direct 
signal. These unwanted signals are usually referred to as multipath. Therefore the total 
measured signal in an outdoor system configuration is the combination of the direct 
signal and that due to multipath, and usually it cannot be easily separated in its parts 
using measuring techniques. Since the desired signal is that due to the direct path, 
it is necessary to be able to subtract from the total response the contributions due 
to multipath. This can be accomplished by developing analytical models to predict 
the contributions due to multipath, which can then be subtracted from the total signal 
in order to be left with the desired direct path signal. In this section we will briefly 
describe techniques that have been used to accomplish this [23], [24]. 

The analytical formulations of Sections 4.8.1 and 4.8.2 for the patterns of vertical 
and horizontal dipoles assume that the earth is flat. This is a good approximation 
provided the curvature of the earth is large compared to the wavelength and the angle 
of observation is greater than about 3° from grazing [or more accurately greater than 
about 57.3/(ka)'? degrees, where a is the radius of the earth] from grazing [25]. 
The curvature of the earth has a tendency to spread out (weaken, diffuse, diverge) the 
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reflected energy more than a corresponding flat surface. The spreading of the reflected 
energy from a curved surface as compared to that from a flat surface is taken into 
account by introducing a divergence factor D [21], [23], [24], defined as 


: reflected field from curved surface 
D = divergence factor = ——— —— ——————————————— (4-130) 
reflected field from flat surface 

The formula for D can be derived using purely geometrical considerations. It is accom- 
plished by comparing the ray energy density in a small cone reflected from a sphere 
near the principal point of reflection with the energy density the rays (within the same 
cone) would have if they were reflected from a plane surface. Based on the geometrical 
optics energy conservation law for a bundle of rays within a cone, the reflected rays 
within the cone will subtend a circle on a perpendicular plane for reflections from 
a flat surface, as shown in Figure 4.33(a). However, according to the geometry of 
Figure 4.33(b), it will subtend an ellipse for a spherical reflecting surface. Therefore 
the divergence factor of (4-130) can also be defined as 


D 


E; area contained in circle ]'? 
— (4-131) 


zs E; ^ | area contained in ellipse 
where 

E; = reflected field from spherical surface 

E’, = reflected field from flat surface 

Using the geometry of Figure 4.34, the divergence factor can be written as [7] 
and [24] 

0105 
(o1 + s)Co5 +s) 

D = — 


s! 


(4-132) 
ss 


where pj and p; are the principal radii of curvature of the reflected wavefront at the 
point of reflection and are given, according to the geometry of Figure 4.34, by 


: l + : + : : (4-132a) 
— = — —— CU — — - a 
pj s psiny (osny)? a? 

fu dbi od 1 4 ue 
0) s  psiny (osny)? a 

a 


(4-132c) 


1+ sin? y 


A simplified form of the divergence factor is that of [26] 


palir EM T (4-133) 
E a(s' + s) sin y a(s! +s) g 


Both (4-132) and (4-133) take into account the earth curvature in two orthogonal planes. 
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Observation plane plane 


(a) Reflection from a flat surface 


Observation 
plane 


Source 


Curved 
surface 


(b) Reflection from a spherical surface 


Figure 4.33 Reflection from flat and spherical surfaces. 


Assuming that the divergence of rays in the azimuthal plane (plane vertical to the 
page) is negligible (two-dimensional case), the divergence factor can be written as 


ss’ PL 
D~|1+2—— 4-134 
| ^ n 
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Observation 


Source 


Figure 4.34 Geometry for reflections from a spherical surface. 


where w is the grazing angle. Thus the divergence factor of (4-134) takes into account 
energy spreading primarily in the elevation plane. According to Figure 4.34 
h = height of the source above the earth (with respect to the tangent at the point 
of reflection) 
h^? = height of the observation point above the earth (with respect to the tangent 
at the point of reflection) 
range (along the surface of the earth) between the source and the 
observation point 
a — radius of the earth (3,959 mi). Usually a å radius (— 5,280 mi) is used. 
V = reflection angle (with respect to the tangent at the point of reflection). 
d, = distance (along the surface of the earth) from the source to the 
reflection point 
dy = distance (along the surface of the earth) from the observation point to the 
reflection point 
The divergence factor can be included in the formulation of the fields radiated by a 
vertical or a horizontal dipole, in the presence of the earth, by modifying (4-127) and 
(4-129) and writing them, respectively, as 


. kIole i" 
a Arr 


_ Klole 77 SF Ae 9 aE COR) — jkh cos 
Ey = in—] 1 — sin’ 6 sin? gfe" + DR, e I") (4-135b) 
Tr 


While the previous formulations are valid for smooth surfaces, they can still be used 
with rough surfaces, provided the surface geometry satisfies the Rayleigh criterion [21] 
and [26] 


d 


singe! cs? IRL QUADR] (4-135a) 


À 


hm < —— 4-136 
< 8sin y ( ) 


212 LINEAR WIRE ANTENNAS 


where hm is the maximum height of the surface roughness. Since the dividing line 
between a smooth and a rough surface is not that well defined, (4-136) should only be 
used as a guideline. 

The coherent contributions due to scattering by a surface with Gaussian rough 
surface statistics can be approximately accounted for by modifying the vertical and 
horizontal polarization smooth surface reflection coefficients of (4-125) and (4-128) 
and express them as : 

Ux = R? „e~? oho cos 6; )~ (4-137) 
where 

Ri, = reflection coefficient of a rough surface for either vertical or horizontal 

polarization 
R? „n = reflection coefficient of a smooth surface for either vertical (4-125) or 

horizontal (4-128) polarization 
he = mean-square roughness height 


A slightly rough surface is defined as one whose rms height is much smaller than the 
wavelength, while a very rough surface is defined as one whose rms height is much 
greater than the wavelength. 

Plots of the divergence factor as a function of the grazing angle w (or as a function 
of the observation point 4) for different source heights are shown in Figure 4.35. It 
is observed that the divergence factor is somewhat different and smaller than unity 
for small grazing angles, and it approaches unity as the grazing angle becomes larger. 
The variations of D displayed in Figure 4.35 are typical but not unique. For different 
positions of the source and observation point, the variations will be somewhat different. 
More detailed information on the variation of the divergence factor and its effect on 
the overall field pattern is available [24]. 
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Figure 4.35 Divergence factor for a 4/3 radius earth (a, = 5,280 mi = 8,497.3 km) as a func- 
tion of grazing angle vy. 
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The most difficult task usually involves the determination of the reflection point 
from a knowledge of the heights of the source and observation points, and the range 
d between them. Procedures to do this have been developed [21], [23]-[27]. 

However, the one presented here is more accurate and does not require either itera- 
tive or graphical solutions. To find dı and d» (given d, hı, and h2), the cubic equation 
of [21] is utilized 


2d? — 3dd? + [d° — 2a(h, +hy)]d, + 2ah\d = 0 (4-138) 


with solution given by 


ay = $+ pes (237) (4-138a) 

d = d— dı (4-138b) 
2 dM? 

p= 5 a(hı + h2) + (5) (4-138c) 

Q = cos"! ae (4-138d) 


Equation (4-138) is valid provided that o — B is small, such that sin(a — 6) ~ a — 
B, cos(a — B) > 1 — (a — B)? /2, sin B — B, and cos B ~ 1 — (8)?/2. Once d, and d; 
are found, then successively £, y, s’, s, Y, r1, r2, a}, 04, 05, and o can be determined 
using the geometry of Figure 4.34. 

Using the analytical model developed here, computations were made to see how well 
the predictions compared with measurements. For the computations it was assumed 
that the reflecting surface is seawater possessing a dielectric constant of 81 and a 
conductivity of 4.64 S/m [23], [24]. To account for atmospheric refraction, a 4/3 earth 
was assumed [21], [23], [28] so the atmosphere above the earth can be considered 
homogeneous with propagation occurring along straight lines. 

For computations using the earth as the reflecting surface, all three divergence 
factors of (4-132)—- (4-134) gave the same results. However, for nonspherical reflecting 
surfaces and for those with smaller radii of curvature, the divergence factor of (4-132) 
is slightly superior followed by (4-133) and then by (4-134). In Figure 4.36 we display 
and compare the predicted and measured height gain versus range d (4 « d « 14 
nautical miles) for a vertical-vertical polarization system configuration at a frequency 
of 167.5 MHz. The height gain is defined as the ratio of the total field in the presence 
of the earth divided by the total field in the absence of the earth. A good agreement is 
noted between the two. The peaks and nulls are formed by constructive and destructive 
interferences between the direct and reflected components. If the reflecting surface 
were perfectly conducting, the maximum height gain would be 2 (6 dB). Because the 
modeled reflecting surface of Figure 4.36 was seawater with a dielectric constant of 
81 and a conductivity of 4.64 S/m, the maximum height gain is less than 6 dB. The 
measurements were taken by aircraft and facilities of the Naval Air Warfare Center, 
Patuxent River, MD. Additional measurements were made but are not included here; 
they can be found in [29] and [30]. 
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Figure 4.36 Measured and calculated height gain over the ocean (e, = 81,0 = 4.64 S/m) for 
vertical polarization. 


A summary of the pertinent parameters, and associated formulas and equation num- 
bers for this chapter are listed in Table 4.2. 


4.9 COMPUTER CODES 


There are many computer codes that have been developed to analyze wire-type lin- 
ear antennas, such as the dipole, and they are too numerous to mention here. One 
simple program to characterize the radiation characteristics of a dipole, designated as 
Dipole (both in FORTRAN and MATLAB), is included in the attached CD. Another 
much more advanced program, designated as the Numerical Electromagnetics Code 
(NEC), is a user-oriented software developed by Lawrence Livermore National Lab- 
oratory [31]. It is a Method of Moments (MoM) code for analyzing the interaction 
of electromagnetic waves with arbitrary structures consisting of conducting wires and 
surfaces. It is probably the most widely distributed and used electromagnetics code. 
Included with the distribution are graphics programs for generating plots of the struc- 
ture, antenna patterns, and impedance. There are also other commercial software that 
are based on the NEC. A compact version of the NEC is the MININEC (Mini- 
Numerical Electromagnetics Code) [31]—[33]. The MININEC is more convenient for 
the analysis of wire-type antennas. More information can be obtained by contacting: 


G. J. Burke, L-156 

Lawrence Livermore National Laboratory 
P. O. Box 5504 

Livermore, CA 94550 
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TABLE 4.2 Summary of Important Parameters and Associated Formulas and Equation 
Numbers for a Dipole in the Far Field 


Infinitesimal Dipole 
(I < 4/50) 


Normalized power U = (Eon)? = Co sin? 0 (4-29) 
pattern 


Radiation resistance l (4-19) 
R, 
Input resistance (4-19) 
R in 


E 
Wave impedance Zy = ax n = 377 ohms NEM 
Z Hs 
SOREN: 3 
Directivity Do Do = 7 = 1.761 dB (4-31) 


Maximum effective = (4-32) 
area Agm 


Vector effective £, = —Agl sind (2-91), 


length L |lelmax =i Example 4.2 


Half-power HPBW = 90° (4-65) 

beamwidth 

Loss resistance Rz (2-90b) 
Small Dipole 

(4/50 < £ < 4/10) 


Normalized power U = (Eon)? = Cı sin? 8 (4-36a) 
pattern 


Radiation resistance (4-37) 
À 

R, 

Input resistance Rin i , (4-37) 


(continued overleaf ) 
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TABLE 4.2 (continued) 


Eo 
2s impedance Li x n = 377 ohms (4-36a), (4-36c) 


Maximum effective 
area Ac, 


l 
Vector effective E 5 sin 
length £e 

l 


|€e] max — 


Half-power HPBW = 90° 
beamwidth 


Half Wavelength Dipole 
(i = 4/2) 


x 2 
cos (5 cos e) 


Normalized power U = (Eg, = Ca | ————— c Cy sin? 0 
sin 0 
pattern 


Radiation resistance k des (277) ~ 73 ohms 
R. 4r 


JU 


Input impedance Zin = 73 + j42.5 
Zin 


Wave impedance 
Zw 


Directivity Do 


Vector effective 
length £e 


Half-power HPBW = 78? 
beamwidth 
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TABLE 4.2 (continued) 


Parameter Formula Equation Number 
= 
L t R en | — E le (2-13 
oss resistance Rz = 3p — m xample ( ) 


Quarter-Wavelength Monopole 
(l= 2/4) 


x 
Normalized power U = (En? = Co 2 c C» sin? (4-87) 
pattern s 
Radiation resistance ih ~ 36. S (4-106) 
m 
R, 
n 


A a 4-106 
8 
Input impedance Zin = 36. j2l. (4-106) 
Zin 
E ~ 


Lik 
Vector effective le = —àg— cos (5 cos e) 
length £, a 


x 
[fe lmax = — = 0.31832 


JU 


4.10 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter. 


a. Java-based interactive questionnaire, with answers. 


b. Java-based applet for computing and displaying the radiation characteristics of 
a dipole. 

c. Java-based visualization/animation for displaying the radiation characteristics 
of a dipole of different lengths. 

d. Matlab and Fortran computer program, designated Dipole, for computing the 
radiation characteristics of a dipole. The description of the program is found in 
the corresponding READ ME file of the attached CD. 


e. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


4.1. A horizontal infinitesimal electric dipole of constant current Jp is placed sym- 


metrically about the origin and directed along the x-axis. Derive the 
(a) far-zone fields radiated by the dipole 
(b) directivity of the antenna 


4.2. Repeat Problem 4.1 for a horizontal infinitesimal electric dipole directed along 


the y-axis. 


4.3. Repeat Problem 4.1 using the procedure of Example 4.5. 


4.4. For Example 4.5, 


(a) formulate an expression for the directivity. 

(b) determine the radiated power. 

(c) determine the maximum directivity by integrating the radiated power. Com- 
pare with that of Problem 4.2 or any other infinitesimal dipole. 

(d) determine the maximum directivity using the computer program Dipole; 
compare with that of part (c). 


4.5. For Problem 4.1 determine the polarization of the radiated far-zone electric 


fields (Eo, Eg) and normalized amplitude pattern in the following planes: 
(a $—0* (b)6=90° ()0-90 


4.6. Repeat Problem 4.5 for the horizontal infinitesimal electric dipole of Problem 


4.2, which is directed along the y-axis. 
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4.7. 


4.8. 


4.9. 


4.10. 


4.11. 


4.12. 
4.13. 
4.14. 


4.15. 


4.16. 
4.17. 


4.18. 


4.19. 
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For Problem 4.3, determine the polarization of the radiated far-zone fields 
(Eo, Eg) in the following planes: 

(a)6=0 (b$-290 (c)6=90° 

Compare with those of Problem 4.5. 


For Example 4.5, determine the polarization of the radiated far-zone fields 
(Eo, Eg) in the following planes: 

(a) $ —0* (6) ¢=90 (c)0 —90 

Compare with those of Problem 4.6. 


An infinitesimal magnetic dipole of constant current J,, and length / is sym- 
metrically placed about the origin along the z-axis. Find the 

(a) spherical E- and H-field components radiated by the dipole in all space 
(b) directivity of the antenna 


For the infinitesimal magnetic dipole of Problem 4.9, find the far-zone fields 
when the element is placed along the 
(a) x-axis, (b) y-axis 


An infinitesimal electric dipole is centered at the origin and lies on the x-y plane 
along a line which is at an angle of 45° with respect to the x-axis. Find the 
far-zone electric and magnetic fields radiated. The answer should be a function 
of spherical coordinates. 


Repeat Problem 4.11 for an infinitesimal magnetic dipole. 
Derive (4-10a)—(4-10c) using (4-82) - (4-9). 


Derive the radiated power of (4-16) by forming the average power density, 
using (4-26a)—(4-26c), and integrating it over a sphere of radius r. 


Derive the far-zone fields of an infinitesimal electric dipole, of length / and con- 
stant current /o, using (4-4) and the procedure outlined in Section 3.6. Compare 
the results with (4-26a)—(4-26c). 


Derive the fifth term of (4-41). 


For an antenna with a maximum linear dimension of D, find the inner and 
outer boundaries of the Fresnel region so that the maximum phase error does 
not exceed 

(a) z/16 rad (b)z/4rad (c) 18° (d) 15° 


The boundaries of the far-field (Fraunhofer) and Fresnel regions were selected 
based on a maximum phase error of 22.5, which occur, respectively, at direc- 
tions of 90° and 54.74 from the axis along the largest dimension of the antenna. 
For an antenna of maximum length of 5A, what do these maximum phase errors 
reduce to at an angle of 30^ from the axis along the length of the antenna? 
Assume that the phase error in each case is totally contributed by the respec- 
tive first higher order term that is being neglected in the infinite series expansion 
of the distance from the source to the observation point. 


The current distribution on a terminated and matched long linear (traveling 
wave) antenna of length /, positioned along the z-axis and fed at its one end, 
is given by 

I-á.he |", 0<z <l 
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where Jo is a constant. Derive expressions for the 
(a) far-zone spherical electric and magnetic field components 
(b) radiation power density 


A line source of infinite length and constant current Jp is positioned along the 
z-axis. Find the 


(a) vector potential A 
(b) cylindrical E- and H-field components radiated 


+00 eg IBN PP 
—— dt 

-œ vb? +t? 
where Ho?) (œx) is the Hankel function of the second kind of order zero. 


Show that (4-67) reduces to (4-68) and (4-88) to (4-89). 


Hint: = — jm Hy) (Bb) 


A thin linear dipole of length / is placed symmetrically about the z-axis. Find 
the far-zone spherical electric and magnetic components radiated by the dipole 
whose current distribution can be approximated by 


2 
lo (1427). -if2xz <0 
(a) LE) = 5 
(1-2). jerem 


(b) LE) = locos (72). EUER 
(c) L(z) = Io cos? (72) s —l/2< z S12 


A center-fed electric dipole of length / is attached to a balanced lossless trans- 
mission line whose characteristic impedance is 50 ohms. Assuming the dipole 
is resonant at the given length, find the input VSWR when 

(a)l 2 A/A (b)I 2A/2 (0))0I234/4 (124 


Use the equations in the book or the computer program of this chapter. Find 
the radiation efficiency of resonant linear electric dipoles of length 

(a)l 2 4/50 (b)lI 24/4 (c)I 24/2 (d)l -A 

Assume that each dipole is made out of copper [o — 5.7 x 107 S/m], has a 
radius of 1074A, and is operating at f = 10 MHz. Use the computer program 
of this chapter to find the radiation resistances. 


Write the far-zone electric and magnetic fields radiated by a magnetic dipole 
of l = 4/2 aligned with the z-axis. Assume a sinusoidal magnetic current with 
maximum value Imo. 


A resonant center-fed dipole is connected to a 50-ohm line. It is desired to 

maintain the input VSWR = 2. 

(a) What should the largest input resistance of the dipole be to maintain the 
VSWR = 2? 

(b) What should the length (in wavelengths) of the dipole be to meet the spec- 
ification? 

(c) What is the radiation resistance of the dipole? 
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The radiation field of a particular antenna is given by: 


Aye J —jkr 


I IgA 
E = âp jonk sino 5 arae 
Aor 


+ Agwp sin 

mr 
The values A; and A; depend on the antenna geometry. Obtain an expression 
for the radiation resistance. What is the polarization of the antenna? 


For a A/2 dipole placed symmetrical along the z-axis, determine the 

(a) vector effective height 

(b) maximum value (magnitude) of the vector effective height 

(c) ratio (in percent) of the maximum value (magnitude) of the vector effective 
height to its total length 


(d) maximum open-circuit output voltage when a uniform plane wave with an 
electric field of 


E! lo=90° = —Ap 107° volts/wavelength 


impinges at broadside incidence on the dipole. 


A base-station cellular communication system utilizes arrays of 4/2 dipoles 
as transmitting and receiving antennas. Assuming that each element is lossless 
and that the input power to each of the 4/2 dipoles is 1 watt, determine at 
1,900 MHz and a distance of 5 km the maximum 


(a) radiation intensity Specify also the units. 

(b) radiation density (in watts / m?) 

for each 4/2 dipole. This determines the safe level for human exposure to EM 
radiation. 


A A/2 dipole situated with its center at the origin radiates a time-averaged 
power of 600 W at a frequency of 300 MHz. A second 4/2 dipole is placed 
with its center at a point P(r, 0, $), where r = 200 m, 0 = 90°, @ = 40°. It is 
oriented so that its axis is parallel to that of the transmitting antenna. What is 
the available power at the terminals of the second (receiving) dipole? 


A half-wave dipole is radiating into free-space. The coordinate system is defined 
so that the origin is at the center of the dipole and the z-axis is aligned 
with the dipole. Input power to the dipole is 100 W. Assuming an overall 
efficiency of 50%, find the power density (in W/m?) at r = 500 m, 0 = 60°, 
$ -—0f. 

A small dipole of length / = 4/20 and of wire radius a = 4/400 is fed sym- 
metrically, and it is used as a communications antenna at the lower end of the 


VHF band (f — 30 MHz). The antenna is made of perfect electric conductor 
(PEC). 'The input reactance of the dipole is given by 


[In(//2a) — 1] 


G) 
tan| — 
À 


Xn = —j120 
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Determine the following: 

(a) Input impedance of the antenna. State whether it is inductive or capacitive. 
(b) Radiation efficiency (in percent). 

(c) Capacitor (in farads) or inductor (in henries) that must be connected in 


series with the dipole at the feed in order to resonate the element. Specify 
which element is used and its value. 


A half-wavelength (J = 4/2) dipole is connected to a transmission line with a 

characteristic impedance of 75 ohms. Determine the following: 

(a) Reflection coefficient. Magnitude and phase (in degrees). 

(b) VSWR. 

It is now desired to resonate the dipole using, in series, an inductor or capacitor. 

At a frequency of 100 MHz, determine: 

(c) What kind of an element, inductor or capacitor, is needed to resonate 
the dipole? 

(d) What is the inductance or capacitance? 

(e) The new VSWR of the resonant dipole. 


A i/2 dipole is used as a radiating element while it is connected to a 50-ohm 

lossless transmission line. It is desired to resonate the element at 7.9 GHz by 

placing in series capacitor(s) or inductor(s) (whichever are appropriate) at its 
input terminals. Determine the following: 

(a) VSWR inside the transmission line before the dipole is resonated [before 
the capacitor(s) or inductor(s) are placed in series]. 

(b) Total single capacitance Cr (in farads) or inductance Lyr (in henries) that 
must be placed in series with the element at its input terminals in order to 
resonate it. (See diagram a). 

(c) Individual two capacitances C, (in farads) or inductances L, (in henries) 
that must be placed in series with the element at its input terminals in order 
to resonate it. We need to use two capacitors or two inductors to keep the 
system balanced by placing in series one with each arm of the dipole (see 
diagram b). 

(d) VSWR after the element is resonated with capacitor(s) or inductor(s). 


*e— — —]1 CL; tI *e— — — olL, 


50 Ohms 50 Ohms 
CIL, 


e f — — — — — —4 
(a) j (b) i 


The input impedance of a A/2 dipole, assuming the input (feed) terminals are at 

the center of the dipole, is equal to 73 + j42.5. Assuming the dipole is lossless, 

find the 

(a) input impedance (real and imaginary parts) assuming the input (feed) ter- 
minals have been shifted to a point on the dipole which is 4/8 from either 
end point of the dipole length 
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(b) capacitive or inductive reactance that must be placed across the new input 
terminals of part (a) so that the dipole is self-resonant 

(c) VSWR at the new input terminals when the self-resonant dipole of part 
(b) is connected to a “twin-lead” 300-ohm line 


A linear half-wavelength dipole is operating at a frequency of 1 GHz; determine 
the capacitance or inductance that must be placed across (in parallel) the input 
terminals of the dipole so that the antenna becomes resonant (make the total 
input impedance real). What is then the VSWR of the resonant half-wavelength 
dipole when it is connected to a 50-ohm line? 


The field radiated by an infinitesimal electric dipole, placed along the z-axis 
a distance s along the x-axis, is incident upon a waveguide aperture antenna 
of dimensions a and b, mounted on an infinite ground plane, as shown in the 
figure. The normalized electric field radiated by the aperture in the E-plane (x-z 
plane; $ = 0°) is given by 


. (kb 
. oubhe-it sin 3 cos 0 
E = —à,j —————— — > 


An y kb 
LAM cos 0 
2 


Assuming the dipole and aperture antennas are in the far field of each other, 
determine the polarization loss (in dB) between the two antennas. 


We are given the following information about antenna A: 
(a) When A is transmitting, its radiated far-field expression for the E field is 


given by: 
eJ (A, Le) 
E,(z) = E ——. V/m 
(z) rem ( J5 / 


(b) When A is receiving an incident plane wave given by: 


E,(z) = à, e V/m 


its open-circuit voltage is Vj = 4e/?" V. 
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If we use the same antenna to receive a second incident plane given by: 
E»(z) = 10(24, + à, EP% )e V/m 
find its received open-circuit voltage V2. 


A 3-cm long dipole carries a phasor current J) = 10e/€ A, Assuming that à = 
5 cm, determine the E- and H-fields at 10 cm away from the dipole and at 
9 = 45°. 


The radiation resistance of a thin, lossless linear electric dipole of length / — 
0.64 is 120 ohms. What is the input resistance? 


A lossless, resonant, center-fed 34/4 linear dipole, radiating in free-space is 
attached to a balanced, lossless transmission line whose characteristic impedance 
is 300 ohms. Calculate the 


(a) radiation resistance (referred to the current maximum) 

(b) input impedance (referred to the input terminals) 

(c) VSWR on the transmission line 

For parts (a) and (b) use the computer program at the end of the chapter. 


Repeat Problem 4.41 for a center-fed 54/8 dipole. 


A dipole antenna, with a triangular current distribution, is used for communi- 
cation with submarines at a frequency of 150 kHz. The overall length of the 
dipole is 200 m, and its radius is 1 m. Assume a loss resistance of 2 ohms in 
series with the radiation resistance of the antenna. 


(a) Evaluate the input impedance of the antenna including the loss resistance. 
The input reactance can be approximated by 


[In(//2a) — 1] 


Xin = —120 
tan(z1/A) 


(b) Evaluate the radiation efficiency of the antenna. 
(c) Evaluate the radiation power factor of the antenna. 


(d) Design a conjugate-matching network to provide a perfect match between 
the antenna and a 50-ohm transmission line. Give the value of the series 
reactance X and the turns ratio n of the ideal transformer. 


(e) Assuming a conjugate match, evaluate the instantaneous 2:1 VSWR band- 
width of the antenna. 


A uniform plane wave traveling along the negative z-axis given by 


X 


Incident 
Wave 


A » jkz 
E,, = Qa, - jaJe" ^E, 


crossed-dipole 
y antenna 
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impinges upon an crossed-dipole antenna consisting of two identical dipoles, 
one directed along the x-axis and the other directed along the y-axis, both fed 
with the same amplitude. The y-directed dipole is fed with a 90^ phase lead 
compared to the x-directed dipole. 
(a) Write an expression for the polarization unit vector of the incident wave. 
(b) Write an expression for the polarization unit vector of the receiving antenna 
along the + z-axis. 
(c) For the incident wave, state the following: 
]. Polarization (linear, circular, elliptical) and axial ratio. 
2. Rotation of the polarization vector (CW, CCW). 
(d) For the receiving antenna, state the following: 
]. Polarization (linear, circular, elliptical) and axial ratio. 
2. Rotation of the polarization vector (CW, CCW). 
(e) Determine the polarization loss factor (dimensionless and in dB) between 
the incident wave and the receiving antenna. 


A half-wavelength (J = 4/2) dipole, positioned symmetrically about the origin 
along the z-axis, is used as a receiving antenna. A 300 MHz uniform plane 
wave, traveling along the x-axis in the negative x direction, impinges upon the 
4/2. dipole. The incident plane wave has a power density of 2j. watts/m?, and 
its electric field is given by 


El, = (Bâ; + jày) Ege "^ 


where Eo is a constant. Determine the following: 

(a) Polarization of the incident wave (including its axial ratio and sense of 
rotation, if applicable). 

(b) Polarization of the antenna toward the x-axis (including its axial ratio and 
sense of direction, if applicable). 

(c) Polarization losses (in dB) between the antenna and the incoming wave 
(assume far-zone fields for the antenna). 

(d) Maximum power (in watts) that can be delivered to a matched load con- 
nected to the 4/2 dipole (assume no other losses). 


Derive (4-102) using (4-99). 


Determine the smallest height that an infinitesimal vertical electric dipole of 
| = 4/50 must be placed above an electric ground plane so that its pattern has 
only one null (aside from the null toward the vertical), and it occurs at 30^ 
from the vertical. For that height, find the directivity and radiation resistance. 


A 4/50 linear dipole is placed vertically at a height h = 24 above an infinite 
electric ground plane. Determine the angles (in degrees) where all the nulls of 
its pattern occur. 


A linear infinitesimal dipole of length / and constant current is placed vertically 
a distance h above an infinite electric ground plane. Find the first five smallest 
heights (in ascending order) so that a null is formed (for each height) in the 
far-field pattern at an angle of 60^ from the vertical. 
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A vertical infinitesimal linear dipole is placed a distance h = 34/2 above an 

infinite perfectly conducting flat ground plane. Determine the 

(a) angle (in degrees from the vertical) where the array factor of the system 
will achieve its maximum value 

(b) angle (in degrees from the vertical) where the maximum of the total field 
will occur 

(c) relative (compared to its maximum) field strength (in dB) of the total field 
at the angles where the array factor of the system achieves its maximum 
value (as obtained in part a). 


An infinitesimal dipole of length £ is placed a distance s from an air-conductor 
interface and at an angle of 0 = 60° from the vertical axis, as shown in the 
figure. Determine the location and direction of the image source which can be 
used to account for reflections. Be very clear in indicating the location and 
direction of the image. Your answer can be in the form of a very clear sketch. 


+00 


It is desired to design an antenna system, which utilizes a vertical infinitesimal 
dipole of length £ placed a height h above a flat, perfect electric conductor of 
infinite extent. The design specifications require that the pattern of the array 
factor of the source and its image has only one maximum, and that maximum 
is pointed at an angle of 60^ from the vertical. Determine (in wavelengths) the 
height of the source to achieve this desired design specification. 


A very short (l < 4/50) vertical electric dipole is mounted on a pole a height 
h above the ground, which is assumed to be flat, perfectly conducting, and of 
infinite extent. The dipole is used as a transmitting antenna in a VHF (f — 
50 MHz) ground-to-air communication system. In order for the communication 
system transmitting antenna signal not to interfere with a nearby radio station, 
it is necessary to place a null in the vertical dipole system pattern at an angle of 
80^ from the vertical. What should the shortest height (in meters) of the dipole 
be to achieve the desired specifications? 


A half-wavelength dipole is placed vertically on an infinite electric ground 
plane. Assuming that the dipole is fed at its base, find the 


(a) radiation impedance (referred to the current maximum) 
(b) input impedance (referred to the input terminals) 


(c) VSWR when the antenna is connected to a lossless 50-ohm transmis- 
sion line. 
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A vertical A/2 dipole is the radiating element in a circular array used for 

over-the-horizon communication system operating at / GHz. The circular array 

(center of the dipoles) is placed at a height h above the ground that is assumed 

to be flat, perfect electric conducting, and infinite in extent. 

(a) In order for the array not to be interfered with by another communication 
system that is operating in the same frequency, it is desired to place only 
one null in the elevation pattern of the array factor of a single vertical 4/2 
dipole at an angle of 0 = 30° from zenith (axis of the dipole). Determine 
the smallest nonzero height h (in meters) above the ground at which the 
center of the dipole must be placed to accomplish this. 

(b) If the height (at its center) of the vertical dipole is 0.3 m above ground, 
determine all the angles 0 from zenith (in degrees) where all the 
1. null(s) of the array factor of a single dipole in the elevation plane will 

be directed toward. 
2. main maximum (maxima) of the array factor of a single dipole in the 
elevation plane will be directed toward. 


A vertical 2/2 dipole antenna is used as a ground-to-air, over-the-horizon com- 
munication antenna at the VHF band (f = 200 MHz). The antenna is elevated 
at a height h (measured from its center/feed point) above ground (assume the 
ground is flat, smooth, and perfect electric conductor extending to infinity). In 
order to avoid interference with other simultaneously operating communication 
systems, it is desired to place a null in the far-field amplitude pattern of the 
antenna system at an angle of 60° from the vertical. 

Determine the three smallest physical/nontrivial heights (in meters at 
200 MHz) above the ground at which the antenna can be placed to meet the 
desired pattern specifications. 


A base-station cellular communication systems lossless antenna, which is placed 

in a residential area of a city, has a maximum gain of /6 dB (above isotropic) 

toward the residential area at 1,900 MHz. Assuming the input power to the 
antenna is 8 watts, what is the 

(a) maximum radiated power density (in watts /cm?) at a distance of 100 m 
(line of sight) from the base station to the residential area? This will deter- 
mine the safe level for human exposure to electromagnetic radiation. 

(b) power (in watts) received at that point of the residential area by a cellular 
telephone whose antenna is a lossless 4/4 vertical monopole and whose 
maximum value of the amplitude pattern is directed toward the maximum 
incident power density. Assume the 4/4 monopole is mounted on an infinite 
ground plane. 


A vertical 4/4 monopole is used as the antenna on a cellular telephone operat- 
ing at 1.9 GHz. Even though the monopole is mounted on a box-type cellular 
telephone, for simplicity purposes, assume here that it is mounted on a per- 
fectly electric conducting (PEC) ground plane. Assuming an incident maximum 
power density of 1079 watts/m?, state or determine, for the monopole's omni- 
directional pattern, the 

(a) maximum directivity (dimensionless and in dB). You must state the rationale 

or method you are using to find the directivity. 
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(b) maximum power that can be delivered to the cellular telephone receiver. 
Assume no losses. 


A homeowner uses a CB antenna mounted on the top of his house. Let us 
assume that the operating frequency is 900 MHz and the radiated power is 
1,000 watts. In order not to be exposed to a long-term microwave radiation, 
there have been some standards, although controversial, developed that set the 
maximum safe power density that humans can be exposed to and not be subject 
to any harmful effects. Let us assume that the maximum safe power density of 
long-term human RF exposure is /0 7 watts/cm? or 10 watts /m? . Assuming 
no losses, determine the shortest distance (in meters) from the CB antenna 
you must be in order not to exceed the safe level of power density exposure. 
Assume that the CB antenna is radiating into free-space and it is 


(a) an isotropic radiator. 


(b) a 4/4 monopole mounted on an infinite PEC and radiating towards its 
maximum. 


Derive (4-118) using (4-116). 


An infinitesimal horizontal electric dipole of length / = 4/50 is placed parallel 

to the y-axis a height h above an infinite electric ground plane. 

(a) Find the smallest height h (excluding A — 0) that the antenna must be 
elevated so that a null in the ¢ = 90° plane will be formed at an angle of 
0 — 45? from the vertical axis. 

(b) For the height of part (a), determine the (1) radiation resistance and 
(2) directivity (for 0 = 0°) of the antenna system. 


A horizontal 4/50 infinitesimal dipole of constant current and length / is placed 
parallel to the y-axis a distance h = 0.707A above an infinite electric ground 
plane. Find all the nulls formed by the antenna system in the ø = 90° plane. 


An infinitesimal electric dipole of length / = 4/50 is placed horizontally at a 
height of h = 2A above a flat, smooth, perfect electric conducting plane which 
extends to infinity. It is desired to measure its far-field radiation characteristics 
(e.g. amplitude pattern, phase pattern, polarization pattern, etc.). The system 
is operating at 300 MHz. What should the minimum radius (in meters) of the 
circle be where the measurements should be carried out? The radius should 
be measured from the origin of the coordinate system, which is taken at the 
interface between the actual source and image. 


An infinitesimal magnetic dipole is placed vertically a distance h above an 
infinite, perfectly conducting electric ground plane. Derive the far-zone fields 
radiated by the element above the ground plane. 


Repeat Problem 4.64 for an electric dipole above an infinite, perfectly conduct- 
ing magnetic ground plane. 


Repeat Problem 4.64 for a magnetic dipole above an infinite, perfectly con- 
ducting magnetic ground plane. 


An infinitesimal vertical electric dipole is placed at height h above an infinite 
PMC (perfect magnetic conductor) ground plane. 
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(a) Find the smallest height h (excluding h = 0) to which the antenna must be 
elevated so that a null is formed at an angle 6 = 60° from the vertical axis 


(b) For the value of h found in part (a), determine 
1. the directive gain of the antenna in the 6 = 45° direction 


2. the radiation resistance of the antenna normalized to the intrinsic 
impedance of the medium above the ground plane 


Assume that the length of the antenna is / = 4/100. 


A vertical 1/2 dipole, operating at 1 GHz, is placed a distance of 5 m (with 
respect to the tangent at the point of reflections) above the earth. Find the 
total field at a point 20 km from the source (d — 20 x 10? m), at a height of 
1,000 m (with respect to the tangent) above the ground. Use a 4/3 radius earth 
and assume that the electrical parameters of the earth are e, — 5,0 — 107? S/m. 


Two astronauts equipped with handheld radios land on different parts of a large 
asteroid. The radios are identical and transmit 5 W average power at 300 MHz. 
Assume the asteroid is a smooth sphere with physical radius of 1,000 km, 
has no atmosphere, and consists of a lossless dielectric material with relative 
permittivity e, = 9. Assume that the radios’ antennas can be modeled as ver- 
tical infinitesimal electric dipoles. Determine the signal power (in microwatts) 
received by each radio from the other, if the astronauts are separated by a range 
(distance along the asteroid's surface) of 2 km, and hold their radios vertically 
at heights of 1.5 m above the asteroid's surface. 

Additional Information Required to Answer this Question: Prior to landing 
on the asteroid the astronauts calibrated their radios. Separating themselves in 
outer space by 10 km, the astronauts found the received signal power at each 
radio from the other was 10 microwatts, when both antennas were oriented in 
the same direction. 


A satellite S transmits an electromagnetic wave, at 10 GHz, via its transmitting 
antenna. The characteristics of the satellite-based transmitter are: 


(a) The power radiated from the satellite antenna is 10 W. 


(b) The distance between the satellite antenna and a point A on the earth’s 
surface is 3.7 x 107 m, and 


(c) The satellite transmitting antenna directivity in the direction SA is 50 dB 
Ignoring ground effects, 
1. Determine the magnitude of the E-field at A. 
2. If the receiver at point A is a A/2 dipole, what would be the voltage 
reading at the terminals of the antenna? 


Derive (4-133) based on geometrical optics as presented in section 13.2 of [7]. 


Copyrighted Materials 
Copyright © 2005 John Wiley & Sons Retrieved from www.knovel.com 


CHAPTER D 
EE E E 


Loop Antennas 


5.1 INTRODUCTION 


Another simple, inexpensive, and very versatile antenna type is the loop antenna. Loop 
antennas take many different forms such as a rectangle, square, triangle, ellipse, circle, 
and many other configurations. Because of the simplicity in analysis and construction, 
the circular loop is the most popular and has received the widest attention. It will be 
shown that a small loop (circular or square) is equivalent to an infinitesimal magnetic 
dipole whose axis is perpendicular to the plane of the loop. That is, the fields radiated 
by an electrically small circular or square loop are of the same mathematical form as 
those radiated by an infinitesimal magnetic dipole. 

Loop antennas are usually classified into two categories, electrically small and elec- 
trically large. Electrically small antennas are those whose overall length (circumference) 
is usually less than about one-tenth of a wavelength (C < 4/10). However, electri- 
cally large loops are those whose circumference is about a free-space wavelength 
(C ~ A). Most of the applications of loop antennas are in the HF (3-30 MHz), VHF 
(30-300 MHz), and UHF (300—3,000 MHz) bands. When used as field probes, they 
find applications even in the microwave frequency range. 

Loop antennas with electrically small circumferences or perimeters have small radi- 
ation resistances that are usually smaller than their loss resistances. Thus they are very 
poor radiators, and they are seldom employed for transmission in radio communication. 
When they are used in any such application, it is usually in the receiving mode, such as 
in portable radios and pagers, where antenna efficiency is not as important as the signal- 
to-noise ratio. They are also used as probes for field measurements and as directional 
antennas for radiowave navigation. The field pattern of electrically small antennas of 
any shape (circular, elliptical, rectangular, square, etc.) is similar to that of an infinites- 
imal dipole with a null perpendicular to the plane of the loop and with its maximum 
along the plane of the loop. As the overall length of the loop increases and its cir- 
cumference approaches one free-space wavelength, the maximum of the pattern shifts 
from the plane of the loop to the axis of the loop which is perpendicular to its plane. 

The radiation resistance of the loop can be increased, and made comparable to the 
characteristic impedance of practical transmission lines, by increasing (electrically) its 
perimeter and/or the number of turns. Another way to increase the radiation resistance 
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(a) single element (b) array of eight elements 


Figure 5.1 Commercial loop antenna as a single vertical element and in the form of an 
eight-element linear array. (Courtesy: TCI, A Dielectric Company). 


of the loop is to insert, within its circumference or perimeter, a ferrite core of very 
high permeability which will raise the magnetic field intensity and hence the radiation 
resistance. This forms the so-called ferrite loop. 

Electrically large loops are used primarily in directional arrays, such as in helical 
antennas (see Section 10.3.1), Yagi-Uda arrays (see Section 10.3.3), quad arrays (see 
Section 10.3.4), and so on. For these and other similar applications, the maximum 
radiation is directed toward the axis of the loop forming an end-fire antenna. To achieve 
such directional pattern characteristics, the circumference (perimeter) of the loop should 
be about one free-space wavelength. The proper phasing between turns enhances the 
overall directional properties. 

Loop antennas can be used as single elements, as shown in Figure 5.1(a), whose 
plane of its area is perpendicular to the ground. The relative orientation of the loop can 
be in other directions, including its plane being parallel relative to the ground. Thus, its 
mounting orientation will determine its radiation characteristics relative to the ground. 
Loops are also used in arrays of various forms. The particular array configuration 
will determine its overall pattern and radiation characteristics. One form of arraying is 
shown in Figure 5.1(b), where eight loops of Figure 5.1(a) are placed to form a linear 
array of eight vertical elements. 


5.2 SMALL CIRCULAR LOOP 


The most convenient geometrical arrangement for the field analysis of a loop antenna 
is to position the antenna symmetrically on the x-y plane, at z = 0, as shown in 
Figure 5.2(a). The wire is assumed to be very thin and the current spatial distribution 
is given by 

ly = lo (5-1) 


where Jp is a constant. Although this type of current distribution is accurate only for 
a loop antenna with a very small circumference, a more complex distribution makes 
the mathematical formulation quite cumbersome. 
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5.2.1 Radiated Fields 


To find the fields radiated by the loop, the same procedure is followed as for the linear 
dipole. The potential function A given by (3-53) as 


—jkR 


R 


Hn PF Uh e / 
A(x,y,z)— + fro Sys 2) dl (5-2) 
C 


4r 
is first evaluated. Referring to Figure 5.2(a), R is the distance from any point on the 


loop to the observation point and dl’ is an infinitesimal section of the loop antenna. In 
general, the current spatial distribution I, (x', y’, z’) can be written as 


L, y, z) = 8L, yz) IQ y z) F8LG yz) (5-3) 


. M TM 
a cos Y =a(a@, - d,) — 
à (sin 0 cos ¢' cos ó 
+ sin 0 sin ¢’ sin à) 


(b) Geometry for far-field observations 


Figure 5.2 Geometrical arrangement for loop antenna analysis. 
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whose form is more convenient for linear geometries. For the circular-loop antenna of 
Figure 5.2(a), whose current is directed along a circular path, it would be more conve- 
nient to write the rectangular current components of (5-3) in terms of the cylindrical 
components using the transformation (see Appendix VII) 


I, cosó' —sing’ 0 I, 
I, | =] sing’ cos¢’ 0 Ig (5-4) 
I. 0 0 1 I. 


which when expanded can be written as 


I, = I, cos ¢’ — Ig sing’ 
I, = I, sing’ + I5 cos’ (5-5) 
I,= 1, 


Since the radiated fields are usually determined in spherical components, the rect- 
angular unit vectors of (5-3) are transformed to spherical unit vectors using the trans- 
formation matrix given by (4-5). That is, 


â, = â, sin 0 cos @ + às cos 0 cos  — ay sing 
a, = â, sin 0 sing + âg cos@ sing + Ag cos ó (5-6) 
a, = à, cos0 — Ap sind 


Substituting (5-5) and (5-6) in (5-3) reduces it to 
I, = 4,[/, sin 0 cos(¢ — $^) + I; sin0 sin($ — $^) + I; cos 6] 
+ âo [I5 cos 6 cos($ — Q’) + I; cos0 sin($ — $^) — I, sin 0] 
+ g[—I, sin($ — $^) + Ig cos($ — $^] 65-7) 


It should be emphasized that the source coordinates are designated as primed (p’, ¢’, z^) 
and the observation coordinates as unprimed (r, 0, $). For the circular loop, the current 
is flowing in the $ direction (J) so that (5-7) reduces to 


I, = à, I; sin sin($ — p’) + Ag Iy cos0 sin($ — $^) + Ag 1g cos($ — ¢’) (5-8) 
The distance R, from any point on the loop to the observation point, can be written as 
Rey Xy +O yP e-z) (5-9) 

Since 


x =r sinf cos ó 
y =r sinf sing 
z =r cos 
xpy-.gz2r (5-10) 


x’ 2 acos $' 
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y =asing’ 
z =0 
x? 4 y? 472 = a? 


(5-9) reduces to 
R = yr? +a? — 2ar sin0 cos($ — ¢’) (5-11) 


By referring to Figure 5.2(a), the differential element length is given by 
dl’ ado (5-12) 
Using (5-8), (5-11), and (5-12), the $-component of (5-2) can be written as 


s e ika/?+a2—2ar sin6 cos($—à/) 
Í ly cos(b — 4) 7 dé is 
n r? + a? — 2ar sin0 cos($ — à) 


au 
oan 


Since the spatial current Jy as given by (5-1) is constant, the field radiated by the 
loop will not be a function of the observation angle $. Thus any observation angle $ 
can be chosen; for simplicity $ = 0. Therefore (5-13) reduces to 


aulo 2n f eka? +a? —2ar sin 0 cos $' 
S 9 —————— —————— 
4m Jo Jr? +a? — 2ar sin 0 cos ġ' 


The integration of (5-14), for very thin circular loop of any radius, can be carried out 
and is represented by a complex infinite series whose real part contains complete elliptic 
integrals of the first and second kind while the imaginary part consists of elementary 
functions [1]. This treatment is only valid provided the observation distance is greater 
than the radius of the loop (r > a). Another very detailed and systematic treatment 
is that of [2], [3] which is valid for any observation distance (r < a,r > a) except 
when the observation point is on the loop itself (r = a, 0 = 1/2). The development 
in [2], [3] has been applied to circular loops whose current distribution is uniform, 
cosinusoidal, and Fourier cosine series. Asymptotic expansions have been presented 
in [2], [3] to find simplified and approximate forms for far-field observations. 

Both treatments, [1]—[3], are too complex to be presented here. The reader is 
referred to the literature. In this chapter a method will be presented that approximates 
the integration of (5-14). For small loops, the function 


eg JN na? -2ar sin 0 cos o’ 
f—————————— (5-15) 
r? + a? — 2ar sinb cos $' 


Ag = dd! (5-14) 


which is part of the integrand of (5-14), can be expanded in a Maclaurin series in 
a using 


1 


acp Oar t+. 6-159) 


f= f0) +f Oat af" Oa FE 
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where f’(0) = 0f/da|g=0, f"(0) = 3? f/8a?|,-o, and so forth. Taking into account 
only the first two terms of (5-15a), or 


—jkr 
f=" (5-15b) 
r 
ik 1 ; 
f 0- (= + =) e J* sin 6 cos o’ (5-15c) 
rr 
lo ub ds "em 
fz|-ta|—--]sin68cosó |e?" (5-15d) 
r rr 
reduces (5-14) to 
Jy f** 1 jk 1 , 
Ara f coso |- +a eI: sin @ cos o’ |e" dq’ 
4r Jo r rr 
? uf ; ik 1 
Ag ~ ede (= + =) sinó (5-16) 


In a similar manner, the r- and 0-components of (5-2) can be written as 


aulo . on , j 1 jk 1 : ^| —jk / 
AL sin 0 sing’|-+a|{—+-—]sinécos¢' |e!" do (5-16a) 
4r 0 r r r2 


Ag > — 


aulo E jA! jk 1. (| jkr ua 
cos 0 sing’ |—-+a|—+-— | sinf cos’ |e 7" dd’ (5-16b) 
An 0 r r r2 


which when integrated reduce to zero. Thus 


Pul ; jk 1 
Aw Ag As = ap E o-jkr 5 + =| sin 0 
r r 


4 2 
ka? Ip sin 8 1 
mg e——— amem 5-17 
ag J dr | | e (5-17) 
Substituting (5-17) into (3-2a) reduces the magnetic field components to 
ka? lo cos 0 1 
H, = jee ele - 
J 2p | + | e (5-18a) 
(ka)? Io sin 0 1 1 Cog 
Hy = ———————— |] 14+ — - UAE 5-18b 
A 4r td j^ SA 


Hy =0 (5-18c) 
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Using (3-15) or (3-10) with J = 0, the corresponding electric-field components can be 
written as 


(5-19a) 


(5-19b) 


5.2.2 Small Loop and Infinitesimal Magnetic Dipole 


A comparison of (5-18a)—(5-19b) with those of the infinitesimal magnetic dipole indi- 
cates that they have similar forms. In fact, the electric and magnetic field components 
of an infinitesimal magnetic dipole of length / and constant “magnetic” spatial current 
1, are given by 


E, = E, = Hy =0 (5-20a) 
Ey = je [i $ =| ei (5-20b) 
H, = Prt Ss? f + =| e ik (5-20c) 
2x nr? jkr 
Pi gee E dii e Jew (5-20d) 
4a nr jkr. (kr)? 


These can be obtained, using duality, from the fields of an infinitesimal electric dipole, 
(4-8a)—(4-10c). When (5-20a)- (5-20d) are compared with (5-182a)—(5-19b), they indi- 
cate that a magnetic dipole of magnetic moment l,l is equivalent to a small electric 
loop of radius a and constant electric current Io provided that 


Inl = j Soulo (5-21) 


where S = ma? (area of the loop). Thus, for analysis purposes, the small electric loop 
can be replaced by a small linear magnetic dipole of constant current. The geometrical 
equivalence is illustrated in Figure 5.2(a) where the magnetic dipole is directed along 
the z-axis which is also perpendicular to the plane of the loop. 


5.2.3 Power Density and Radiation Resistance 


The fields radiated by a small loop, as given by (5-18a)—(5-19b), are valid everywhere 
except at the origin. As was discussed in Section 4.1 for the infinitesimal dipole, the 
power in the region very close to the antenna (near field, kr < 1) is predominantly 
reactive and in the far field (Ar >> 1) is predominantly real. To illustrate this for the 
loop, the complex power density 


W = I(E x H*) = 1((à Ej) x (â, H7 + â H;)] 
= $(-À, Ey Hy + à Ep H>) (5-22) 
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is first formed. When (5-22) is integrated over a closed sphere, only its radial component 
given by 
(ka) ,sin? 0 d 
Ig|/——— |1 ——á 5-22 
ul ae | ee (5-22a) 


W. =n 


contributes to the complex power P,. Thus 


P fw ds (kay, WE ier lm ododo (5-23) 
r= . = n—_ 1 - 
d i 32 ^ o Jo Try 


which reduces to 


m 1 
f= (=) kay^Ug | 1+ 7-—— 5-23 
nli, (ka) |o] +I opp (5-23a) 
and whose real part is equal to 
Paa = n (Z) kall}? 23b 
rad =N I5 (ka)"|Lo| (5-23b) 


For small values of kr(kr «& 1), the second term within the brackets of (5-23a) 
is dominant which makes the power mainly reactive. In the far field (kr > 1), the 
second term within the brackets diminishes, which makes the power real. A comparison 
between (5-23a) with (4-14) indicates a difference in sign between the terms within the 
brackets. Whereas for the infinitesimal dipole the radial power density in the near field 
is capacitive, for the small loop it is inductive. This is illustrated in Figure 4.21 for the 
dipole and in Figures 5.13 and 5.20 for the loop. 

The radiation resistance of the loop is found by equating (5-23b) to |Io|? R, /2. Doing 
this, the radiation resistance can be written as 


Qn (kS\? Oe s2 
R, = (=) (Qg2y = = (=) = 202? (£) ~ 31,171 (=) (5-24) 


À 


where S = ma? is the area and C = 2ra is the circumference of the loop. The last 
form of (5-24) holds for loops of other configurations, such as rectangular, elliptical, 
etc. (See Problem 5.30). 

The radiation resistance as given by (5-24) is only for a single-turn loop. If the loop 
antenna has N turns wound so that the magnetic field passes through all the loops, the 
radiation resistance is equal to that of single turn multiplied by N?. That is, 


2a \ (kS\? e s 
R. =n(—)(—) M =20r? |>) N?z31171N? ( — -24 
(GG) E 2 (5) ner 


Even though the radiation resistance of a single-turn loop may be small, the overall 
value can be increased by including many turns. This is a very desirable and practical 
mechanism that is not available for the infinitesimal dipole. 
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Example 5.1 


Find the radiation resistance of a single-turn and an eight-turn small circular loop. The radius 
of the loop is 4/25 and the medium is free-space. 
Solution: 


- 22,2 DAP 
— 35 a — = 
25 625 


27 Qn? 
R, (single t = 1207 | — ] | — 
(single turn) T ( 3 ) (= 


R, (8 turns) = 0.788(8)? = 50.43 ohms 


2 
) = 0.788 ohms 


The radiation and loss resistances of an antenna determine the radiation efficiency, 
as defined by (2-90). The loss resistance of a single-turn small loop is, in general, 
much larger than its radiation resistance; thus the corresponding radiation efficiencies 
are very low and depend on the loss resistance. To increase the radiation efficiency, 
multiturn loops are often employed. However, because the current distribution in a 
multiturn loop is quite complex, great confidence has not yet been placed in analytical 
methods for determining the radiation efficiency. Therefore greater reliance has been 
placed on experimental procedures. Two experimental techniques that can be used to 
measure the radiation efficiency of a small multiturn loop are those that are usually 
referred to as the Wheeler method and the Q method [4]. 

Usually it is assumed that the loss resistance of a small loop is the same as that 
of a straight wire whose length is equal to the circumference of the loop, and it is 
computed using (2-90b). Although this assumption is adequate for single-turn loops, 
it is not valid for multiturn loops. In a multiturn loop, the current is not uniformly 
distributed around the wire but depends on the skin and proximity effects [5]. In fact, 
for close spacings between turns, the contribution to the loss resistance due to the 
proximity effect can be larger than that due to the skin effect. 

The total ohmic resistance for an N-turn circular-loop antenna with loop radius a, 
wire radius b, and loop separation 2c, shown in Figure 5.3(a) is given by [6] 


Na Rp 
Ronmic = = Bs Ro +1 (5-25) 
where 

wHo ; 

R; = pe surface impedance of conductor 
o 
Rp = ohmic resistance per unit length due to proximity effect 
NR, . f ; : 

Ro = 2 b — ohmic skin effect resistance per unit length (ohms/m) 

m 


The ratio of Rp/Ro has been computed [6] as a function of the spacing c/b for loops 
with 2 < N < 8 and it is shown plotted in Figure 5.3(b). It is evident that for close 
spacing the ohmic resistance is twice as large as that in the absence of the proximity 
effect (Ry / Ro = 0). 
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2b 


(a) N-turn circular loop 


ASIN N-8 
2 AL / N = number of wires 
^ Rp = added resistance due to proximity effect 


Ro = resistance neglecting proximity effect 


NE I Ey LES rs Le 
1.0 1.5 2.0 3.0 4.0 5.0 


Spacing c/b 


ç 
(b) Ohmic resistance due to proximity (after G. N. Smith) 


Figure 5.3  N-turn circular loop and ohmic resistance due to proximity effect. (source: G. 
S. Smith, “Radiation Efficiency of Electrically Small Multiturn Loop Antennas,” IEEE Trans. 
Antennas Propagat., Vol. AP-20, No. 5, September, pp. 656-657. 1972 © 1972 IEEE). 


Example 5.2 


Find the radiation efficiency of a single-turn and an eight-turn small circular loop at f = 
100 MHz. The radius of the loop is 4/25, the radius of the wire is 10~*A, and the turns are 
spaced 4 x 1074A apart. Assume the wire is copper with a conductivity of 5.7 x 107 (S/m) 
and the antenna is radiating into free-space. 

Solution: From Example 5.1 


R, (single turn) — 0.788 ohms 
R, (8 turns) — 50.43 ohms 
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The loss resistance for a single turn is given, according to (2-90b), by 


ducat a [ouo _ 1 z (105) (4x x 1077) 
iussus put SUI) 5.7 x 107 


— 1.053 ohms 


and the radiation efficiency, according to (2-90), by 


0.788 
cd = ————————— = 0.428 = 42.8% 
ecd = T788 + 1.053 á 
From Figure 5.3(b) 
Rp 
— = 0.38 
Ro 


and from (5-25) 


8 x (108) (47 x 1077) 
Ri = Ramis = =| — 1.38) = 11.62 
TONS O e Gas. 


E 50.43 
~ 50.43 + 11.62 


Thus 


ecd = 0.813 = 81.3% 


5.2.4 Near-Field (kr < 1) Region 


The expressions for the fields, as given by (5-18a)—(S-19b), can be simplified if the 
observations are made in the near field (kr < 1). As for the infinitesimal dipole, the 
predominant term in each expression for the field in the near-zone region is the last 
one within the parentheses of (5-18a)—(5-19b). Thus for kr «& 1 


H, ~ ubi Rm (5-26a) 
2r? 
E a? ge - i" . 
a= Agel > * sin 0 kr <1 (5-26b) 
Ay —E,-— Eg —0 (5-26c) 
ES a^ kIge- i” : 
s= -i— pr sind (5-26d) 


The two H-field components are in time-phase. However, they are in time quadra- 
ture with those of the electric field. This indicates that the average power (real power) 
is zero, as is for the infinitesimal electric dipole. The condition of kr « 1 can be 
satisfied at moderate distances away from the antenna provided the frequency of 
operation is very low. The fields of (5-26a)—(5-26d) are usually referred to as quasi- 
Stationary. 
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5.2.5 Far-Field (kr > 1) Region 


The other space of interest where the fields can be approximated is the far-field (kr >> 
1) region. In contrast to the near field, the dominant term in (5-18a)—(5-19b) for 
kr > lis the first one within the parentheses. Since for kr > 1 the H, component will 
be inversely proportional to r? whereas Hg will be inversely proportional to r. For 
large values of kr (kr >> 1), the H, component will be small compared to Hg. Thus it 
can be assumed that it is approximately equal to zero. Therefore for kr > 1, 


ka? Ige J" sin 3 
A i 
4r A?r (5-27) 


ka? Ibe J" f 
E S, 


(5-27b) 
(5-27c) 
where S = za? is the geometrical area of the loop. 
Forming the ratio of — E5/ He, the wave impedance can be written as 
Ze EE (5-28) 
ES ee n 


where 
Zw = wave impedance 
n = intrinsic impedance 


As for the infinitesimal dipole, the E- and H-field components of the loop in the far-field 
(kr > 1) region are perpendicular to each other and transverse to the direction of prop- 
agation. They form a Transverse Electro Magnetic (TEM) field whose wave impedance 
is equal to the intrinsic impedance of the medium. Equations (5-27a)— (5-27c) can also 
be derived using the procedure outlined and relationships developed in Section 3.6. 
This is left as an exercise to the reader (Problem 5.9). 


5.2.6 Radiation Intensity and Directivity 


The real power P; radiated by the loop was found in Section 5.2.3 and is given by 
(5-23b). The same expression can be obtained by forming the average power density, 
using (5-27a)—(5-27c), and integrating it over a closed sphere of radius r. This is left 
as an exercise to the reader (Problem 5.8). Associated with the radiated power P; is 
an average power density Way. It has only a radial component W, which is related to 
the radiation intensity U by 


n (Kk 
U =r W, =~ 
i :(5 


2 r2 
) [Jo sin? 0 = a; Eve. 8, 9)" (5-29) 


and it conforms to (2-12a). The normalized pattern of the loop, as given by (5-29), is 
identical to that of the infinitesimal dipole shown in Figure 4.3. The maximum value 
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occurs at 0 = 7/2, and it is given by 


n (Ka 5 
Uns = Ul = 3 ( ) |o? (5-30) 


Using (5-30) and (5-23b), the directivity of the loop can be written as 


(5-31) 


(5-32) 


It is observed that the directivity, and as a result the maximum effective area, of a small 
loop is the same as that of an infinitesimal electric dipole. This should be expected 
since their patterns are identical. 

The far-field expressions for a small loop, as given by (5-27a)-(5-27c), will be 
obtained by another procedure in the next section. In that section a loop of any radius 
but of constant current will be analyzed. The small loop far-field expressions will then 
be obtained as a special case of that problem. 


Example 5.3 


The radius of a small loop of constant current is 4/25. Find the physical area of the loop 
and compare it with its maximum effective aperture. 
Solution: 


AM oz 
S (physical) = za? = zx (=) = — = 5.03 x 107322 


a 0.11932 


= ———- = 23.66 
S 5.03 x 10-322 


Electrically the loop is about 24 times larger than its physical size, which should not be 
surprising. To be effective, a small loop must be larger electrically than its physical size. 


5.2.7 Equivalent Circuit 


A small loop is primarily inductive, and it can be represented by a lumped element 
equivalent circuit similar to those of Figure 2.28. 


244 LOOP ANTENNAS 


Figure 5.4 Equivalent circuit of loop antenna in transmitting mode. 


A. Transmitting Mode 

The equivalent circuit for its input impedance when the loop is used as a transmit- 
ting antenna is that shown in Figure 5.4. This is similar to the equivalent circuit of 
Figure 2.28(b). Therefore its input impedance Z;, is represented by 


Zin = Rin + J Xin = (R, + RL) + j(Xa + Xi) (5-33) 


R, = radiation resistance as given by (5-24) 

Ry, = loss resistance of loop conductor 

X4 = external inductive reactance of loop antenna = wL, 

X; = internal high-frequency reactance of loop conductor = cL; 


In Figure 5.4 the capacitor C, is used in parallel to (5-33) to resonate the antenna; 
it can also be used to represent distributed stray capacitances. In order to determine 
the capacitance of C, at resonance, it is easier to represent (5-33) by its equivalent 
admittance Y;, of 


1 1 
Yin = Gin | Bin EE n TEL ARAS AT a 5-34 
Y i Zin Rin + JXin t 
where 
Rin 

in = ———— 5-34a 
R? + Xz f ! 
Bn = ^n (5-34b) 

nm — RZ oe X2 


At resonance, the susceptance B, of the capacitor C, must be chosen to eliminate the 
imaginary part B;, of (5-34) given by (5-34b). This is accomplished by choosing C, 
according to 


C. = B, T Bin = 1 Xin (5 35) 
On f o. Inf ~ Inf R} +X? 
Under resonance the input impedance Z;, is then equal to 
1 R? + X? X; 
Zi, = Ri, =—— E = R,, + oH (5-36) 


Gin Rin Rin 
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The loss resistance Rz of the loop conductor can be computed using techniques 
illustrated in Example 5.2. The inductive reactance X4 of the loop is computed using 
the inductance L4 [7] of: 


Circular loop of radius a and wire radius b: 


8a 
LA = noa L (=) = 2| (5-37a) 


Square loop with sides a and wire radius b: 
a a 

Lucus [in (=) = 0.774] (5-37b) 
T b 


The internal reactance of the loop conductor X; can be found using the internal induc- 
tance L; of the loop which for a single turn can be approximated by 


l [ouo a joo 
Li = — | —— = — | — - 
wP \ 20 wb \ 20 (ene) 


where / is the length and P is the perimeter (circumference) of the wire of the loop. 


B. Receiving Mode 

The loop antenna is often used as a receiving antenna or as a probe to measure magnetic 
flux density. Therefore when a plane wave impinges upon it, as shown in Figure 5.5(a), 
an open-circuit voltage develops across its terminals. This open-circuit voltage is related 
according to (2-93) to its vector effective length and incident electric field. This open- 
circuit voltage is proportional to the incident magnetic flux density Bi, which is normal 


>y i A 


(b) Thevenin equivalent 


(a) Plane wave incident on a receiving loop (G.S. Smith, "Loop Antennas," 
Copyright O 1984, McGraw-Hill, Inc. Permission by McGraw-Hill, Inc.) 


Figure 5.5 Loop antenna and its equivalent in receiving mode. 
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to the plane of the loop. Assuming the incident field is uniform over the plane of the 
loop, the open-circuit voltage for a single-turn loop can be written as [8] 


Voe = jona’ Bl (5-39) 


Defining in Figure 5.5(a) the plane of incidence as the plane formed by the z axis and 
radical vector, then the open-circuit voltage of (5-39) can be related to the magnitude 
of the incident magnetic and electric fields by 


Voc = jor a? jo H! cos y; sin 8; = jkora?E' cos y; sin 6; (5-39a) 


where w; is the angle between the direction of the magnetic field of the incident plane 
wave and the plane of incidence, as shown in Figure 5.5(a). 

Since the open-circuit voltage is also related to the vector effective length by (2-93), 
then the effective length for a single-turn loop can be written as 


le = Agl. = Ay j ko a? cos yy; sin 0; = Ay jkoS cos yy; sin 6; (5-40) 


where S is the area of the loop. The factor cos v; sin6; is introduced because the 
open-circuit voltage is proportional to the magnetic flux density component B! which 
is normal to the plane of the loop. 

When a load impedance Zz is connected to the output terminals of the loop as 
shown in Figure 5.5(b), the voltage Vz across the load impedance Zz is related to the 
input impedance Z;, of Figure 5.5(b) and the open-circuit voltage of (5-39a) by 


ZL 


Vi = Voces 
Zi, + £L 


(5-41) 


5.3 CIRCULAR LOOP OF CONSTANT CURRENT 


Let us now reconsider the loop antenna of Figure 5.2(a) but with a radius that may not 
necessarily be small. The current in the loop will again be assumed to be constant, as 
given by (5-1). For this current distribution, the vector potential is given by (5-14). The 
integration in (5-14) is quite complex, as is indicated right after (5-14). However, if the 
observation are restricted in the far-field (r >> a) region, the small radius approximation 
is not needed to simplify the integration of (5-14). 

Although the uniform current distribution along the perimeter of the loop is only 
valid provided the circumference is less than about 0.1 (radius less than about 0.016), 
the procedure developed here for a constant current can be followed to find the far-zone 
fields of any size loop with not necessarily uniform current. 


5.3.1 Radiated Fields 


To find the fields in the far-field region, the distance R can be approximated by 


R = yr? +a? —2ar sin cos! ~ yr? —2ar sinf cos! for r>>a (5-42) 
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which can be reduced, using the binomial expansion, to 


| 2, 
Rr 1 — Z sin6 cosó! = r — a sin cosó! =r — a cos Yo 
A (5-43) 


for phase terms 
Rr for amplitude terms 
since 


A 


cos Wo = a, * 4-|g-0 = (A, cos 9' + à, sin $^) 
- (à. sin 0 cos $ + à, sind sing + 4, cos @)|g=0 
= sin Ó cos $' (5-43a) 
The geometrical relation between R and r, for any observation angle $ in the far- 


field region, is shown in Figure 5.2(b). For observations at $ = 0, it simplifies to that 
given by (5-43) and shown in Figure 5.6. Thus (5-14) can be simplified to 


aule)" f’ ika si 
Ag T Hio | m dod tono cos dq’ (5-44) 
4rr 0 


and it can be separated into two terms as 


—jkr T 25 
Ag c D p cos fet Ja sind coso ag! 4 f cos $e J*« sind cosg’ ag | 
0 X 


4nr 
(5-45) 
The second term within the brackets can be rewritten by making a change of variable 
of the form 
9 =" +x (5-46) 


N 


»- 


o-0 =a sin 0 cos 9' 


Figure 5.6 Geometry for far-field analysis of a loop antenna. 
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Thus (5-45) can also be written as 


A ~ apnloe " 1 +jka sin6 cos’ q 1 E ” —jkasin cos ó" q n" 
¢ = ———— nee a Ra [o) 


4rr 
(5-47) 
Each of the integrals in (5-47) can be integrated by the formula (see Appendix V) 


mj” Jaz) = Í . cos(n$)e^/* 959 de (5-48) 


where J,(z) is the Bessel function of the first kind of order n. Using (5-48) reduces 
(5-47) to 
aulo P... l l 
Ap > ~g; Jı(ka sin) — x j Jı(—ka sin @)] (5-49) 
The Bessel function of the first kind and order n is defined (see Appendix V) by 
the infinite series 


V Dreg 
Jz) = 2 EU M (5-50) 


By a simple substitution into (5-50), it can be shown that 
Jn(—2) = CD" In) (5-51) 


which for n = | is equal to 
Ji(-z) = —Ji(z) (5-52) 


Using (5-52) we can write (5-49) as 


alge 7 ; 
Ag > j-— — Ji (ka sin 0) (5-53) 
2r 

The next step is to find the E- and H-fields associated with the vector potential of 
(5-53). Since (5-53) is only valid for far-field observations, the procedure outlined in 
Section 3.6 can be used. The vector potential A, as given by (5-53), is of the form 
suggested by (3-56). That is, the r variations are separable from those of 0 and 4. 

Therefore according to (3-58a)—(3-58b) and (5-53) 


E, Eg =0 (5-54a) 
aknIpe— kr . 

Es E mE (ka sin 0) (5-54b) 

Hon (5-54c) 


a E, akIge - J** J, (ka sin 9) 
x = = ——— J (kasin 
apum arch (5-54d) 
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5.3.2 Power Density, Radiation Intensity, Radiation Resistance, and 
Directivity 


The next objective for this problem will be to find the power density, radiation intensity, 
radiation resistance, and directivity. To do this, the time-average power density is 
formed. That is, 


1 1 1 
Wav = 5RelE x H*] = 5 Relá, E, x âo HŽ] = â, z [El (5-55) 
n 


which can be written using (5-54b) as 


2 I 2 
Wa = 8, W, =â, 20H) Hol” 5 2 (ca sind) (5-56) 
80r? 
with the radiation intensity given by 
2 I 2 
U =r W, = CoD IA yka sin 0) (5-57) 
n 


The radiation patterns for a = à/10, 4/5, and 4/2 are shown in Figure 5.7. These 
patterns indicate that the field radiated by the loop along its axis (0 = 0°) is zero. Also 
the shape of these patterns is similar to that of a linear dipole with / < A (a figure-eight 
shape). As the radius a increases beyond 0.54, the field intensity along the plane of 
the loop (0 = 90°) diminishes and eventually it forms a null when a ~ 0.614. This 
is left as an exercise to the reader for verification (Prob. 5.18). Beyond a = 0.612, 
the radiation along the plane of the loop begins to intensify and the pattern attains a 
multilobe form. 

Three-dimensional patterns for loop circumferences of C = 0.14 and 5A, assuming 
uniform current distribution, are shown in Figure 5.8. It is apparent that for the 0.1A 
circumference the pattern is basically that of figure eight (sin 0), while for the 54 loop 
it exhibits multiple lobes. The multiple lobes in a large loop begin to form when the 
circumference exceeds about 3.834 (radius exceeds about 0.614); see Problem 5.18. 

The patterns represented by (5-57) (some of them are illustrated in Figure 5.7) 
assume that the current distribution, no matter what the loop size, is constant. This 
is not a valid assumption if the loop circumference C(C = 27a) exceeds about 0.1A 
(i.e., a > 0.0164) [9]. For radii much greater than about 0.01624, the current variation 
along the circumference of the loop begins to attain a distribution that 1s best repre- 
sented by a Fourier series [8]. Although a most common assumption is that the current 
distribution is nearly cosinusoidal, it is not satisfactory particularly near the driving 
point of the antenna. 

A uniform and nonuniform in-phase current distribution can be attained on a loop 
antenna even if the radius is large. To accomplish this, the loop is subdivided into 
sections, with each section/arc of the loop fed with a different feed line; all feed lines 
are typically fed from a common feed source. Such an arrangement, although more 
complex, can approximate either uniform or nonuniform in-phase current distribution. 

It has been shown [10] that when the circumference of the loop is about one wave- 
length (C ~ A), its maximum radiation based on a nonuniform current distribution is 
along its axis (0 = 0°, 180°) which is perpendicular to the plane of the loop. This 


250 LOOP ANTENNAS 


Relative power| 
***(dB down) 


90° 


120° 


Figure 5.7 Elevation plane amplitude patterns for a circular loop of constant current 
(a = 0.14, 0.24, and 0.54). 


feature of the loop antenna has been utilized to design Yagi-Uda arrays whose basic 
elements (feed, directors, and reflectors) are circular loops [11]-[14]. Because of its 
many applications, the one-wavelength circumference circular-loop antenna is consid- 
ered as fundamental as a half-wavelength dipole. 

The radiated power can be written using (5-56) as 


2 I 2 TL 
Pora I Wa + ds = — [ Jj (ka sin 9) sin 0 d8 (5-58) 
n 0 
S 


The integral in (5-58) can be rewritten [15] as 


T 1 2ka 
T Ji? (ka sin 0) sin do = — Í Jo(x) dx (5-59) 
0 ka Jo 
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Figure 5.8 Three-dimensional amplitude patterns of a circular loop with constant current 
distribution. 


The evaluation of the integral of (5-59) has been the subject of recent papers 
[16]- [20]. In these references, along with some additional corrections, the integral 
of (5-59) 


(ka) = S J? (ka sin0) sin 8 d0 = z ihe Jn(x) dx (5-59a) 
can be represented by a series of Bessel functions 
1 2 
11 (ka) = — 2 Jom43(2ka) (5-59b) 


where Jm(x) is the Bessel function of the first kind, mth order. This is a highly 
convergent series (typically no more than 2ka terms are necessary), and its numerical 
evaluation is very efficient. Approximations to (5-59) can be made depending upon the 
values of the upper limit (large or small radii of the loop). 
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A. Large Loop Approximation (a > 4/2) 
To evaluate (5-59), the first approximation will be to assume that the radius of the loop 
is large (a > 4/2). For that case, the integral in (5-59) can be approximated by 


m 1 2ka 1 
i Ji? (ka sin@) sin@ dd = — f Jn(x)dx c — (5-60) 
0 ka 0 ka 


d (5-58) b 
SOME _ t (ao)? Uo 


Prad — 4n (ka) (5-61) 


The maximum radiation intensity occurs when ka sin = 1.84 so that 


_ (aep) Ip? (aeo? gf? 


U [max = ——Z2———— J (ka sin 9) |ka sino=1.84 = (0.582)? (5-62) 
85 8n 


» 2 Paa _ 2z (aon)? " (S 
"Ul? 4n (ka) 


n =) ka = 607? (ka) = 60x? ($) (5-63a) 


Una ka(0.582)2 C 
Dy = 4n ms = pr KA O82)" (0.582)? = 0.677 ( © (5-63b) 
Prad 20 À 
2? 2 C X 
Aoc py oes gag |. y | 555930 eke (5-63c) 
4r An À 


where C (circumference) = 27a and n ~ 1207. 


B. Intermediate Loop Approximation (A/6m <a < X/2) 

If the radius of the loop is A/(67z:) = 0.0534 < a < 4/2, the integral of (5-59) for 
Q! ,(ka) is approximated by (5-59a) and (5-59b), and the radiation resistance and 
directivity can be expressed, respectively, as 


2P- 
“S T = qz (kay) QU) (ka) (5-64a) 
0 
4 U max Fn k 
Rea ee (5-64b) 
Prad 11 (ka) 
where 
J? (1.840) = (0.582)? = 0.339 (5-64c) 
: ka > 1.840 (a > 0.2932) 
Fy (ka) = J? (ka sin 8) |max = Pika) 
ka < 1.840 (a < 0.2934) (5-64d) 


C. Small Loop Approximation (a < 4/67) 

If the radius of the loop is small (a < 4/677), the expressions for the fields as given 
by (5-54a)- (5-54d) can be simplified. To do this, the Bessel function Jj (ka sin 0) is 
expanded, by the definition of (5-50), in an infinite series of the form (see Appendix V) 


Ji (ka sin) = (ka sin0) — $ (ka sin0) +-+- (5-65) 
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For small values of ka(ka < 1) (5-65) can be approximated by its first term, or 


u ka sin 0 
J\ (ka sin 0) — 5 (5-65a) 
Thus (5-54a)—(5-54d) can be written as 
E, > Eg =0 (5-66a) 
awuk Ioe?" . age 
Ep x — ————— — sin@ = n ————_ sin (5-66b) 
id is a < A61 
H, ~ Hp =0 (5-66c) 
a^opuklIge-J" . age" 
Hg ~ ———————— sinf = — ————— sin (5-66d) 
4nr Ar 


which are identical to those of (5-27a)—(5-27c). Thus the expressions for the radiation 
resistance, radiation intensity, directivity, and maximum effective aperture are those 
given by (5-24), (5-29), (5-31), and (5-32). 

To demonstrate the variation of the radiation resistance as a function of the radius a 
of the loop, it is plotted in Figure 5.9 for 4/100 < a < 4/30, based on the approxima- 
tion of (5-65a). It is evident that the values are extremely low (less than 1 ohm), and 
they are usually smaller than the loss resistances of the wires. These radiation resis- 
tances also lead to large mismatch losses when connected to practical transmission 
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Figure 5.9 Radiation resistance for a constant current circular-loop antenna based on the 
approximation of (5-65a). 
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Figure 5.10 Radiation resistance and directivity for circular loop of constant current. (SOURCE: 
E. A. Wolff, Antenna Analysis, Wiley, New York, 1966). 


lines of 50 or 75 ohms. To increase the radiation resistance, it would require multiple 
turns as suggested by (5-24a). This, however, also increases the loss resistance which 
contributes to the inefficiency of the antenna. A plot of the radiation resistance for 
0 < ka = C/X < 20, based on the evaluation of (5-59) by numerical techniques, is 
shown in Figure 5.10. The dashed line represents the values based on the large loop 
approximation of (5-60) and the dotted (----- ) represents the values based on the small 
loop approximation of (5-65a). 

In addition to the real part of the input impedance, there is also an imaginary 
component which would increase the mismatch losses even if the real part is equal to 
the characteristic impedance of the lossless transmission line. However, the imaginary 
component can always, in principle at least, be eliminated by connecting a reactive 
element (capacitive or inductive) across the terminals of the loop to make the antenna 
a resonant circuit. 

To facilitate the computations for the directivity and radiation resistance of a cir- 
cular loop with a constant current distribution, a MATLAB and FORTRAN computer 
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program has been developed. The program utilizes (5-62) and (5-58) to compute the 
directivity [(5-58) is integrated numerically]. The program requires as an input the 
radius of the loop (in wavelengths). A Bessel function subroutine is contained within 
the FORTRAN program. A listing of the program is included in the CD attached with 
the book. 


5.4 CIRCULAR LOOP WITH NONUNIFORM CURRENT 


The analysis in the previous sections was based on a uniform current, which would 
be a valid approximation when the radius of the loop is small electrically (usually 
a < 0.0164). As the dimensions of the loop increase, the current variations along the 
circumference of the loop must be taken into account. As stated previously, a very 
common assumption for the current distribution is a cosinusoidal variation [21], [22]. 
This, however, is not a satisfactory approximation particularly near the driving point 
of the antenna [9]. A better distribution would be to represent the current by a Fourier 
series [23] 


M 
1 (9^) = Io 29 h cos(ng’) (5-67) 


n=1 


where $' is measured from the feed point of the loop along the circumference, as 
shown at the inset of Figure 5.11. 

A complete analysis of the fields radiated by a loop with nonuniform current distribu- 
tion is somewhat complex, laborious, and quite lengthy [2], [3]. Instead of attempting 
to include the analytical formulations, which are cumbersome but well documented in 
the cited references, a number of graphical illustrations of numerical and experimental 
data is presented. These curves can be used in facilitating designs. 

To illustrate that the current distribution of a wire loop antenna is not uniform 
unless its radius is very small, the magnitude and phase of it have been plotted in 
Figure 5.11 as a function of ¢’ (in degrees). The loop circumference C is ka = C/A = 
0.1, 0.2, 0.3, and 0.4 and the wire size was chosen so that Q = 21n(2za/b) = 10. It 
is apparent that for ka — 0.1 the current is nearly uniform. For ka — 0.2 the variations 
are slightly greater and become even larger as ka increases. On the basis of these 
results, loops much larger than ka = 0.1 (radius much greater than 0.0164) cannot be 
considered small. 

As was indicated earlier, the maximum of the pattern for a loop antenna shifts 
from the plane of the loop (0 = 90°) to its axis (0 = 0°, 180°) as the circumfer- 
ence of the loop approaches one wavelength, assuming that simultaneously the current 
changes from uniform to nonuniform. Based on the nonuniform current distribution of 
(5-67), the directivity of the loop along 6 = 0° has been computed, and it is plotted in 
Figure 5.12 versus the circumference of the loop in wavelengths [8]. The maximum 
directivity is about 4.5 dB, and it occurs when the circumference is about 1.4. For 
a one-wavelength circumference, which is usually the optimum design for a helical 
antenna, the directivity is about 3.4 dB. It is also apparent that the directivity is basi- 
cally independent of the radius of the wire, as long as the circumference is equal or 
less than about 1.3 wavelengths; there are differences in directivity as a function of 
the wire radius for greater circumferences. 

Computed impedances, based on the Fourier series representation of the current, 
are shown plotted in Figure 5.13. The input resistance and reactance are plotted as 
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Figure 5.11 Current magnitude and phase distributions on small circular loop antennas. 


(source: J. E. Storer, “Impedance of Thin-Wire Loop Antennas," AIEE Trans., Vol. 75, November 
1956. © 1956 IEEE). 
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Figure 5.12  Directivity of circular-loop antenna for 0 = 0, zr versus electrical size (circumfer- 
ence/wavelength). (source: G. S. Smith, “Loop Antennas," Chapter 5 of Antenna Engineering 
Handbook, 1984, O 1984 McGraw-Hill, Inc. Permission by McGraw-Hill, Inc). 
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Figure 5.13 Input impedance of circular-loop antennas. (source: J. E. Storer, “Impedance of 
Thin-Wire Loop Antennas,” AJEE Trans., Vol. 75, November 1956. © 1956 IEEE). 
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a function of the circumference C (in wavelengths) for 0 < ka = C/X x 2.5. The 
diameter of the wire was chosen so that Q = 21n(2zra/Db) = 8, 9, 10, 11, and 12. It 
is apparent that the first antiresonance occurs when the circumference of the loop is 
about 4/2, and it is extremely sharp. It is also noted that as the loop wire increases 
in thickness, there is a rapid disappearance of the resonances. As a matter of fact, for 
€2 « 9 there is only one antiresonance point. These curves (for C > A) are similar, both 
qualitatively and quantitatively, to those of a linear dipole. The major difference is that 
the loop is more capacitive (by about 130 ohms) than a dipole. This shift in reactance 
allows the dipole to have several resonances and antiresonances while moderately thick 
loops ($2 < 9) have only one antiresonance. Also small loops are primarily inductive 
while small dipoles are primarily capacitive. The resistance curves for the loop and the 
dipole are very similar. 

To verify the analytical formulations and the numerical computations, loop antennas 
were built and measurements of impedance were made [9]. The measurements were 
conducted using a half-loop over an image plane, and it was driven by a two-wire line. 
An excellent agreement between theory and experiment was indicated everywhere 
except near resonances where computed conductance curves were slightly higher than 
those measured. This is expected since ohmic losses were not taken into account in 
the analytical formulation. It was also noted that the measured susceptance curve was 
slightly displaced vertically by a constant value. This can be attributed to the “end 
effect" of the experimental feeding line and the "slice generator" used in the analytical 
modeling of the feed. For a dipole, the correction to the analytical model is usually a 
negative capacitance in shunt with the antenna [24]. A similar correction for the loop 
would result in a better agreement between the computed and measured susceptances. 
Computations for a half-loop above a ground plane were also performed by J. E. 
Jones [25] using the Moment Method. 

The radiation resistance and directivity of a loop antenna with a cosinusoidal current 
distribution /5($) = Ig cos was derived in [2] and evaluated in [16] by integrating 
in far-zone fields and expressing the integral in terms of five Q(P (ka) integrals of 
similar form as (5-59a) and (5-59b). Doing this, the values are plotted, respectively, 
in Figures 5.14(a,b) where they are compared with those based on a uniform current 
distribution. 


5.4.1 Arrays 


In addition to being used as single elements and in arrays, as shown in Figure 5.1(a,b), 
there are some other classic arrays of loop configurations. Two of the most popular 
arrays of loop antennas are the helical antenna and the Yagi-Uda array. The loop is 
also widely used to form a solenoid which in conjunction with a ferrite cylindrical 
rod within its circumference is used as a receiving antenna and as a tuning element, 
especially in transistor radios. This is discussed in Section 5.7. 

The helical antenna, which is discussed in more detail in Section 10.3.1, is a wire 
antenna, which is wound in the form of a helix, as shown in Figure 10.13. It is shown 
that it can be modeled approximately by a series of loops and vertical dipoles, as 
shown in Figure 10.15. The helical antenna possesses in general elliptical polariza- 
tion, but it can be designed to achieve nearly circular polarization. There are two 
primary modes of operation for a helix, the normal mode and the axial mode. The 
helix operates in its normal mode when its overall length is small compared to the 
wavelength, and it has a pattern with a null along its axis and the maximum along 


CIRCULAR LOOP WITH NONUNIFORM CURRENT 259 


7000 T 
6000 LE uniform current 
-.—.- cosinusoidal current 

E 5000 [- 
a 
S 
x 
o 4000 } 
Q 
=} 
á 
= 3000+ 
S 
e 
S 
E 
æ 2000} 

1000 - 

0 s 
0 2 4 6 8 10 
Loop circumference C (Wavelengths) 
(a) Radiation resistance R, 
14 T T T x 
PA TN 
uniform current HU > 
12 -.—.- cosinusoidal current UM vA 4 


Maximum directivity Dp (dB) 


0 | | | | 


0 2 4 6 8 10 


Loop circumference C (Wavelengths) 


(b) Maximum directivity D, 


Figure 5.14 Radiation resistance (R,) and maximum directivity (Do) of a circular loop with 
constant current distribution. (source: S. V. Savov, “An Efficient Solution of a Class of Integrals 
Arising in Antenna Theory,” IEEE Antennas and Propagation Magazine, Vol. 44, October 2002, 
pp. 98-101. © 2002 IEEE). 
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the plane of the loop. This pattern (figure-eight type in the elevation plane) is similar 
to that of a dipole or a small loop. A helical antenna operating in the normal mode 
is sometimes used as a monopole antenna for mobile cell and cordless telephones, 
and it is usually covered with a plastic cover. This helix monopole is used because 
its input impedance is larger than that of a regular monopole and more attractive for 
matching to typical transmission lines used as feed lines, such as a coaxial line (see 
Problem 10.18). 

The helix operates in the axial mode when the circumference of the loop is between 
3/44 < C < 4/34 with an optimum design when the circumference is nearly one wave- 
length. When the circumference of the loop approaches one wavelength, the maximum 
of the pattern is along its axis. In addition, the phasing among the turns is such that 
overall the helix forms an end-fire antenna with attractive impedance and polarization 
characteristics (see Example 10.1). In general, the helix is a popular communication 
antenna in the VHF and UHF bands. 

The Yagi-Uda antenna is primarily an array of linear dipoles with one element 
serving as the feed while the others act as parasitic. However this arrangement has been 
extended to include arrays of loop antennas, as shown in Figure 10.30. As for the helical 
antenna, in order for this array to perform as an end-fire array, the circumference of each 
of the elements is near one wavelength. More details can be found in Section 10.3.4 
and especially in [11]—[14]. A special case is the quad antenna which is very popular 
amongst ham radio operators. It consists of two square loops, one serving as the 
excitation while the other is acting as a reflector; there are no directors. The overall 
perimeter of each loop is one wavelength. 


5.4.2 Design Procedure 


The design of small loops is based on the equations for the radiation resistance (5-24), 
(5-24a), directivity (5-31), maximum effective aperture (5-32), resonance capacitance 
(5-35), resonance input impedance (5-36) and inductance (5-37a), (5-37b). In order to 
resonate the element, the capacitor C, of Figure 5.4 is chosen based on (5-35) so as 
to cancel out the imaginary part of the input impedance Z;,,. 

For large loops with a nonuniform current distribution, the design is accomplished 
using the curves of Figure 5.12 for the axial directivity and those of Figure 5.13 for 
the impedance. To resonate the loop, usually a capacitor in parallel or an inductor in 
series is added, depending on the radius of the loop and that of the wire. 


Example 5.4 


Design a resonant loop antenna to operate at 100 MHz so that the pattern maximum is along 
the axis of the loop. Determine the radius of the loop and that of the wire (in meters), the 
axial directivity (in dB), and the parallel lumped element (capacitor in parallel or inductor 
in series) that must be used in order to resonate the antenna. 

Solution: In order for the pattern maximum to be along the axis of the loop, the cir- 
cumference of the loop must be large compared to the wavelength. Therefore the current 
distribution will be nonuniform. To accomplish this, Figure 5.13 should be used. There is 
not only one unique design which meets the specifications, but there are many designs that 
can accomplish the goal. 
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One design is to select a circumference where the loop is self resonant, and there is 
no need for a resonant capacitor. For example, referring to Figure 5.13(b) and choosing an 
Q = 12, the circumference of the loop is nearly 1.1254. Since the free-space wavelength at 
100 MHz is 3 meters, then the circumference is 


circumference ~ 1.125(3) = 3.375 meters 


while the radius of the loop is 
3.375) 
radius = a = —— = 0.5371 meters 


The radius of the wire is obtained using 


2 
a=12=2 n(=*) 


257642075 
= = 64, 


or 


Therefore the radius of the wire is 


(Se E 0.8365 cm = 8.365 x 10? meters 

| 642077 64207] ` Fio 
Using Figure 5.12, the axial directivity for this design is approximately 3.6 dB. Using 
Figure 5.13(a), the input impedance is approximately 


Zin = Zi, c: 840 ohms 


Since the antenna chosen is self resonant, there is no need for a lumped element to resonate 
the radiator. 

Another design will be to use another circumference where the loop is not self resonant. 
This will necessitate the use of a capacitor C, to resonate the antenna. This is left as an end 
of the chapter exercise. 


5.5 GROUND AND EARTH CURVATURE EFFECTS FOR CIRCULAR LOOPS 


The presence of a lossy medium can drastically alter the performance of a circular 
loop. The parameters mostly affected are the pattern, directivity, input impedance, and 
antenna efficiency. The amount of energy dissipated as heat by the lossy medium 
directly affects the antenna efficiency. As for the linear elements, geometrical optics 
techniques can be used to analyze the radiation characteristics of loops in the presence 
of conducting surfaces. The reflections are taken into account by introducing appro- 
priate image (virtual) sources. Divergence factors are introduced to take into account 
the effects of the ground curvature. Because the techniques are identical to the for- 
mulations of Section 4.8, they will not be repeated here. The reader is directed to 
that section for the details. It should be pointed out, however, that a horizontal loop 
has horizontal polarization in contrast to the vertical polarization of a vertical electric 
dipole. Exact boundary-value solutions, based on Sommerfeld integral formulations, are 
available [25]. However they are too complex to be included in an introductory chapter. 
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By placing the loop above a reflector, the pattern is made unidirectional and the 
directivity is increased. To simplify the problem, initially the variations of the axial 
directivity (0 =0°) of a circular loop with a circumference of one wavelength 
(ka = 1) when placed horizontally a height h above an infinite in extent perfect elec- 
tric conductor are examined as a function of the height above the ground plane. These 
were obtained using image theory and the array factor of two loops, and they are 
shown for 10 < Q < 20 in Figure 5.15[8], [26]. Since only one curve is shown for 
10 < Q < 20, it is evident that the directivity variations as a function of the height 
are not strongly dependent on the radius of the wire of the loop. It is also apparent 
that for 0.05A < h < 0.2X and 0.654 < h < 0.754 the directivity is about 9 dB. For 
the same size loop, the corresponding variations of the impedance as a function of 
the height are shown in Figure 5.16[8], [26]. While the directivity variations are not 
strongly influenced by the radius of the wire, the variations of the impedance do show 
a dependence on the radius of the wire of the loop for 10 < Q < 20. 

A qualitative criterion that can be used to judge the antenna performance is the ratio 
of the radiation resistance in free-space to that in the presence of the homogeneous 
lossy medium [27]. This is a straightforward but very tedious approach. A much simpler 
method [28] is to find directly the self-impedance changes (real and imaginary) that 
result from the presence of the conducting medium. 

Since a small horizontal circular loop is equivalent to a small vertical magnetic 
dipole (see Section 5.2.2), computations [29] were carried out for a vertical magnetic 
dipole placed a height h above a homogeneous lossy half-space. The changes in the self- 
impedance, normalized with respect to the free-space radiation resistance Rọ given by 
(5-24), are found in [29]. Significant changes, compared to those of a perfect conductor, 
are introduced by the presence of the ground. 


—— Theory, infinite reflector 
12r Q = 10-20 E 


10r 


Directivity (dB) 


Figure 5.15  Directivity of circular-loop antenna, C — ka — 1, for 0 — 0 versus distance from 
reflector h/A. Theoretical curve is for infinite planar reflector. (source: G. S. Smith, “Loop 
Antennas," Chapter 5 of Antenna Engineering Handbook, 1984, O 1984 McGraw-Hill, Inc. 
Permission by McGraw-Hill, Inc). 
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Figure 5.16 Input impedance of circular-loop antenna C = ka = 1 versus distance from reflec- 
tor h/à. Theoretical curves are for infinite planar reflector; measured points are for square 
reflector. (source: G. S. Smith, “Loop Antennas," Chapter 5 of Antenna Engineering Handbook, 
1984, © 1984, McGraw-Hill, Inc. Permission by McGraw-Hill, Inc). 


The effects that a stratified lossy half-space have on the characteristics of a horizontal 
small circular loop have also been investigated and documented [30]. It was found that 
when a resonant loop is close to the interface, the changes in the input admittance as a 
function of the antenna height and the electrical properties of the lossy medium were 
very pronounced. This suggests that a resonant loop can be used effectively to sense 
and to determine the electrical properties of an unknown geological structure. 


5.6 POLYGONAL LOOP ANTENNAS 


The most attractive polygonal loop antennas are the square, rectangular, triangular, 
and rhombic. These antennas can be used for practical applications such as for aircraft, 
missiles, and communications systems. However, because of their more complex struc- 
ture, theoretical analyses seem to be unsuccessful [31]. Thus the application of these 
antennas has received much less attention. However design curves, computed using the 
Moment Method, do exist [32] and can be used to design polygonal loop antennas for 
practical applications. Usually the circular loop has been used in the UHF range because 
of its higher directivity while triangular and square loops have been applied in the HF 
and UHF bands because of advantages in their mechanical construction. Broadband 
impedance characteristics can be obtained from the different polygonal loops. 
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5.6.1 Square Loop 


Next to the circular loop, the square loop is the simplest loop configuration. The 
far-field pattern for a small loop, in each of its principal planes, can be obtained by 
assuming that each of its sides is a small linear dipole of constant current Jọ and length 
a. Referring to Figure 5.17, the field in the y-z plane is given according to (4-26a) by 


kla [— — 


E,=E Ep = —i = 5-68 
$ 1 + Eg2 HL (5-68) 


ri r2 


since the pattern of each element is omnidirectional in that plane. Using the far-field 
approximations of 


a, 
ry) cr — -sin 


3 for phase variations (5-68a) 
ry ~rt+ 5 sin 0 
ryX&nmer for amplitude variations (5-68b) 
(5-68) can be written as 
T klgae )" . (ka . F (5-69) 
= n———— sin | — sin - 
BoM 2zr 2 


For small values of a(a « 4/50), (5-69) reduces to 


(5-70) 


(ka)? loei 
1], ————— — — sin@ = 


E, = 
? Amr 


Figure 5.17 Square loop geometry for far-field observations on the y-z plane. 
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where S = a? is the geometrical area of the loop. The corresponding magnetic field is 
given by 


Hp = —_2 2-077 — sin (5-71) 


Equations (5-70) and (5-71) are identical to (5-27b) and (5-27a), respectively, for the 
small circular loop. Thus the far-zone principal-plane fields of a small square loop 
are identical to those of a small circular loop. The fields in the other planes are more 
difficult to obtain, and they will not be attempted here. However design curves are 
included which can be used for practical design applications. 


5.6.2 Triangular, Rectangular, and Rhombic Loops 


Shown in Figure 5.18 are the polygonal loops for which design data will be presented. 
They consist of top- and base-driven triangular loops, a rectangular loop, and a rhom- 
bic loop. The top-driven triangular loop has its feed at the top corner of the isosceles 
triangle while the base-driven configuration has its terminals at the base. The rectan- 
gular loop has its feed at the center of one of its sides while the rhombic configuration 
has its terminals at one of its corners. 


(a) Top-driven triangular (b) Base-driven triangular 
2b 
«€ H » 
| (^^) 
W He—2b 
(c) Rectangular (d) Rhombic 


Figure 5.18 Typical configurations of polygonal loop antennas. (source: T. Tsukiji and S. Tou, 
“On Polygonal Loop Antennas,” IEEE Trans. Antennas Propagat., Vol. AP-28, No. 4, July 1980. 
© 1980 IEEE). 
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The parameter 6 defines the angle of the top corner of the isosceles triangle for 
the triangular and rhombic loops while y = W/H is used to identify the relative side 
dimensions of the rectangular loop. The perimeter of each loop is given by P; for the 
rectangular loop, P = 2(H + W). For all configurations, the radius of the wire is b. 

Included in [32] are the input impedance (Z = R + jX) variations, as a function 
of P (in wavelengths), of the four configurations shown in Figure 5.18. The interval 
between adjacent points on each curve is AP/A = 0.2. Depending on the parameters 
B or y, the input resistance of polygonal loops near the resonance frequency changes 
drastically. The reactance goes to zero when a loop approaches a short-circuited 4/2 
long transmission line. In design then, the shape of the loop can be chosen so that 
the input impedance is equal to the characteristic impedance of the transmission line. 
Although the curves in [32] are for specific wire radii, the impedance variations of the 
polygonal antennas as a function of the wire diameter are similar to those of the dipole. 

Because the radius of the impedance locus for the 6 = 60° of the top-driven trian- 
gular loop [Figure 5.18(a)] is smaller than for the other values of f, the 6 = 60° has 
the broadest impedance bandwidth compared with other triangular shapes or with the 
same shape but different feed points. Similar broadband impedance characteristics are 
indicated in [32] for a rectangular loop with y = 0.5 (the side with the feed point is 
twice as large as the other). 

It can then be concluded that if the proper shape and feed point are chosen, a 
polygonal loop can have broadband impedance characteristics. The most attractive are 
the top-driven triangular loop with 6 = 60° and the rectangular loop with y = 0.5. A 
50—70 ohm coaxial cable can be matched with a triangular loop with 8 = 40°. Rect- 
angular loops with greater directivities, but with less ideal impedance characteristics, 
are those with larger values of y. 

The frequency characteristics of a polygonal loop can be estimated by inspecting 
its current distribution. When the current standing wave pattern has, at its antiresonant 
frequency, a null at a sharp corner of the loop, the loop has a very low current standing 
wave and, hence, broadband impedance characteristics. 

Radiation patterns for the 6 = 60° top- and base-driven triangular loops and the 
y —4 rectangular loop, for various values of P (in wavelengths), were also com- 
puted [32]. It was noted that for low frequencies near the resonance, the patterns of the 
top- and base-driven triangular loops were not too different. However, for higher fre- 
quencies the base-driven triangular loop had a greater gain than its corresponding top- 
driven configuration. In general, rectangular loops with larger y’s have greater gains. 


5.7 FERRITE LOOP 


Because the loss resistance is comparable to the radiation resistance, electrically small 
loops are very poor radiators and are seldom used in the transmitting mode. However, 
they are often used for receiving signals, such as in radios and pagers, where the 
signal-to-noise ratio is much more important than the efficiency. 


5.7.1 Radiation Resistance 


The radiation resistance, and in turn the antenna efficiency, can be raised by increas- 
ing the circumference of the loop. Another way to increase the radiation resistance, 
without increasing the electrical dimensions of the antenna, would be to insert within 
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its circumference a ferrite core that has a tendency to increase the magnetic flux, the 
magnetic field, the open-circuit voltage, and in turn the radiation resistance of the 
loop [33], [34]. This is the so-called ferrite loop and the ferrite material can be a rod 
of very few inches in length. The radiation resistance of the ferrite loop is given by 


R ce)” 
B e (5 ) zu (5-72) 


Ry, = radiation resistance of ferrite loop 
R, — radiation resistance of air core loop 
Uce = effective permeability of ferrite core 
Ho = permeability of free-space 
Hcer = relative effective permeability of ferrite core 


Using (5-24), the radiation resistance of (5-72) for a single-turn small ferrite loop can 


be written as 
cN’ i 2 cN’ 
R; =20r? ( — Z) =20r? (>) w -7 
ae (E aE] en 


and for an N-turn loop, using (5-24a), as 


AON (ier. a S CT oto ais 
Ry = 20n? ( — N? = 20m? N (5-74) 


Ho 


The relative effective permeability of the ferrite core Mecer is related to the relative 
intrinsic permeability of the unbounded ferrite material u f, (ufr = uu r/ Ho) by 


Hece Hfr 


— = — (5-75) 
Ho 1+ Dupe — D 


Meer = 


where D is the demagnetization factor which has been found experimentally for 
different core geometries, as shown in Figure 5.19. For most ferrite material, the rel- 
ative intrinsic permeability up, is very large (jy, >> 1) so that the relative effective 
permeability of the ferrite core fice, is approximately inversely proportional to the 
demagnetization factor, or cer ~ 1/D = D^. In general, the demagnetization factor 
is a function of the geometry of the ferrite core. For example, the demagnetization 
factor for a sphere is D = i while that for an ellipsoid of length 2/ and radius a, such 


that / >> a, is 
a4? 2l 
D= (=) in(—)-1], Ie (5-75a) 
l a 


5.7.2 Ferrite-Loaded Receiving Loop 


Because of their smallness, ferrite loop antennas of few turns wound around a small 
ferrite rod are used as antennas especially in pocket transistor radios. The antenna is 


268 LOOP ANTENNAS 


lr 
5x102r 
a 107° F 
o 
3 
& osx joel 
£ 
S 
E 
IN 
3 
S 
3 
E 
a ii 
5X 10-4F 
10 | l l L| 
1 5 10 50 100 


Core length/diameter ratio 


Figure 5.19 Demagnetization factor as a function of core length/diameter ratio. (SOURCE: 
E. A. Wolff, Antenna Analysis, Wiley, New York, 1966). 


usually connected in parallel with the RF amplifier tuning capacitance and, in addition 
to acting as an antenna, it furnishes the necessary inductance to form a tuned circuit. 
Because the inductance is obtained with only few turns, the loss resistance is kept 
small. Thus the Q is usually very high, and it results in high selectivity and greater 
induced voltage. 

The equivalent circuit for a ferrite-loaded loop antenna is similar to that of Figure 5.4 
except that a loss resistance Ry, in addition to Rz, is needed to account for the power 
losses in the ferrite core. Expressions for the loss resistance Ry and inductance L4 for 
the ferrite-loaded loop of N turns can be found in [7] and depend on some empirical 
factors which are determined from an average of experimental results. The inductance 
Lj is the same as that of the unloaded loop. 


5.8 MOBILE COMMUNICATION SYSTEMS APPLICATIONS 


As was indicated in Section 4.7.4 of Chapter 4, the monopole is one of the most widely 
used elements for handheld units of mobile communication systems. An alternative to 
the monopole is the loop, [35]-[40], which has been often used in pagers but has 
found very few applications in handheld transceivers. This is probably due to loop's 
high resistance and inductive reactance which are more difficult to match to standard 
feed lines. The fact that loop antennas are more immune to noise makes them more 
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attractive for an interfering and fading environment, like that of mobile communica- 
tion systems. In addition, loop antennas become more viable candidates for wireless 
communication systems which utilize devices operating at higher frequency bands, 
particularly in designs where balanced amplifiers must interface with the antenna. 
Relative to top side of the handheld unit, such as the telephone, the loop can be placed 
either horizontally [36] or vertically [38]—[40]. Either configuration presents attractive 
radiation characteristics for land-based mobile systems. 

The radiation characteristics, normalized pattern and input impedance, of a monopole 
and vertical loop mounted on an experimental mobile handheld device were examined 
in [38]—[40]. The loop was in the form of a folded configuration mounted vertically 
on the handheld conducting device with its one end either grounded or ungrounded 
to the device. The predicted and measured input impedance of the folded loop, when 
its terminating end was grounded to the box, are displayed in Figure 5.20(a,b). It is 
evident that the first resonance, around 900 MHz, of the folded loop is of the par- 
allel type (antiresonance) with a very high, and rapidly changing versus frequency, 
resistance, and reactance. These values and variations of impedance are usually unde- 
sirable for practical implementation. For frequencies below the first resonance, the 
impedance is inductive (imaginary part is positive), as is typical of small loop anten- 
nas (see Figure 5.13); above the first resonance, the impedance is capacitive (nega- 
tive imaginary part). The second resonance, around 2,100 MHz, is of the series type 
with slowly varying values of impedance, and of desirable magnitude, for practical 
implementation. The resonance forms (parallel vs. series) can be interchanged if the 
terminating end of the folded loop is ungrounded with the element then operating as 
an L monopole [38]-[40] and exhibiting the same resonance behavior as that of a 
monopole mounted on the device (see Chapter 4, Section 4.7.4, Figure 4.21). Even 
though the radiating element is a loop whose plane is vertical to the box, the ampli- 
tude pattern, in both cases (loop and L), is similar and nearly omnidirectional as 
that of the monopole of Figure 4.21 because the PEC box is also part of the radiat- 
ing system. 

A summary of the pertinent parameters and associated formulas and equation num- 
bers for this chapter are listed in Table 5.1. 


5.9 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 


b. Java-based applet for computing and displaying the radiation characteristics of 
a loop. 


c. Java-based animation of loop amplitude pattern. 


d. Matlab and Fortran computer program, designated Loop, for computing the 
radiation characteristics of a loop. A description of the program is found in the 
READ ME file of the corresponding program in the attached CD. 


e. Power Point (PPT) viewgraphs, in multicolor. 
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Figure 5.20 Input impedance, real and imaginary parts of a wire folded loop mounted vertically 
on a conducting mobile hand-held unit (source: K. D. Katsibas, et. al., “Folded Loop Antenna 
for Mobile Hand-Held Units," IEEE Transactions Antennas Propagat., Vol. 46, No. 2, February 
1998, pp. 260—266. © 1998 IEEE). 
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TABLE 5.1 Summary of Important Parameters, and Associated Formulas and 
Equation Numbers for Loop in Far Field 


Normalized power 
pattern 


Wave impedance 
Zw 


Directivity Do 


Maximum effective 
area Aem 


Radiation resistance 
R, (one turn) 


Radiation resistance 
R, (N turns) 


Input resistance Rin 


Loss resistance Rg; 
(one turn) 


Loss resistance Rz 
(N turns) 


Loop external 
inductance L4 


Loop internal 
inductance L; 


Vector effective 
length £e 


Half-power 
beamwidth 


Small Circular Loop (a < 4/62, C < 4/3) 


(Uniform Current) 


U = |Egn|? = Co sin? 8 


Es 
Zw = —— ~ n = 377 Ohms 
Ho 


3 
Do = ae 1.761 dB 


À 
| 0 C [oko 
R; = — | — = — | — 
20 2zxbXV 2o 


le = Ag j korr a? cos y; sin 6; 


HPBW = 90° 


(5-27b) 


(continued overleaf ) 
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TABLE 5.1 (continued) 


Large Circular Loop (a > 4/2, C > 3.14A) 
(Uniform Current) 


Normalized power U = |Egnl? = C1 J? (ka sin) 
pattern 


E 
Wave impedance Lies sas n = 377 Ohms 
Z H, 
w 


Directivity Do 
(a > 4/2) 


Maximum effective 
area Aem (a > 4/2) 


Radiation resistance 
(a > 4/2), 
(one turn) 


Input resistance 
(a > 4/2), 
(one turn) 


| C. | 
Loss resistance Rz Rp = — DUM cct LOU 
PY 2o 2xbN 2o 


(one turn) 


Loss resistance Rr. 
(N turns) 


External inductance 
La 


Internal inductance 
Li 


Vector effective £, = âg j kora? cos vj; sin 6; 
length £, 
Small Square Loop (Figure 5.17) 


(Uniform Current, a on Each Side 


Normalized power U = |Egn|? = C2 sin? 0 
pattern (principal 
plane) 
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TABLE 5.1 (continued) 


E 
Wave impedance Zu zu Ros n = 377 Ohms 
Z H, 
w 


Radiation resistance 
R, 


Input resistance 
Ri n 


2 Wo 
Loss resistance Rz —— (2-90b) 
20 
E a a 
External inductance a! : (5-37b) 
La T b 


wHo _ 
2o 


Internal inductance 
Li 


Ferrite Circular Loop (a < X/6z, C < 4/3) 


(uniform current) 


Lou : C 
Radiation resistance Ry = 207? (£) 
Ry (one turn) 


Hfr 


Hecer = T+ D( pr Aly 


Radiation resistance 
Ry (N turns) 


Demagnetizing l>a 
factor D 


1 
Sphere: D = 3 
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PROBLEMS 


5.1. Derive 


(a) (5-18a)—(5-18c) using (5-17) and (3-2a) 
(b) (5-19a)- (5-19b) using (5-18a)—(5-18c) 


5.2. Write the fields of an infinitesimal linear magnetic dipole of constant current 


In, length /, and positioned along the z-axis. Use the fields of an infinitesimal 
electric dipole, (4-8a)—(4-10c), and apply the principle of duality. Compare 
with (5-20a)- (5-204). 


5.3. A circular loop, of loop radius 4/30 and wire radius A/1000, is used as a 


transmitting/receiving antenna in a back-pack radio communication system at 
10 MHz. The wire of the loop is made of copper with a conductivity of 5.7 x 
107 S/m. Assuming the antenna is radiating in free space, determine the 


(a) radiation resistance of the loop; 
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5.4. 


5.5. 


5.6. 


LOOP ANTENNAS 


(b) loss resistance of the loop (assume that its value is the same as if the wire 
were straight); 


(c) input resistance; 
(d) input impedance; 
(e) radiation efficiency. 


A small circular loop with a uniform current distribution, and with its classical 
omnidirectional pattern, is used as a receiving antenna. Determine the maximum 
directivity (dimensionless and in dB) using: 


(a) Exact method. 


(b) An approximate method appropriate for this pattern. Specify the 
method used. 


(c) Another approximate method appropriate for this pattern. Specify the 
method used. 


Hint: For the approximate methods, the word omnidirectional is a clue. 


A N-turn resonant circular loop with a uniform current distribution and with 
a circumference of 4/4, is fed by a lossless balanced twin-lead transmission 
line with a characteristic impedance of 300 ohms. Neglecting proximity effects, 
determine the 


(a) closest integer number of turns so that the input impedance is nearly 
300 ohms; 


(b) input impedance of the antenna; 

(c) reflection coefficient; 

(d) VSWR inside the transmission line. 

A small circular loop with circumference C < 4/20 is used as a receiving 


antenna. A uniform plane wave traveling along the x-axis and toward the pos- 
itive (+) x direction (as shown in the figure), whose electric field is given by 


Ei, = (à, + 28)e )* 


is incident upon the antenna. Determine the 


(a) polarization of the incident wave. Justify your answer. 
(b) axial ratio of the polarization ellipse of the incident wave. 
(c) polarization of the loop antenna toward the x-axis. 


5.7. 


5.8. 


5.9. 


5.10. 


5.11. 


5.12. 


5.13. 
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(d) polarization loss factor (dimensionless and in dB). 


(e) maximum power at / GHz that can be delivered to a load connected to the 
antenna, if the power density of the above incident wave is 5 mwatts/cm?. 
Assume no other losses. 


Hint: Ag = —A, sing + à, cos b 


Find the radiation efficiency of a single-turn and a four-turn circular loop each 
of radius 4/(10z) and operating at 10 MHz. The radius of the wire is 1073A 
and the turns are spaced 3 x 10?A apart. Assume the wire is copper with a 
conductivity of 5.7 x 10’ S/m, and the antenna is radiating into free-space. 


Find the power radiated by a small loop by forming the average power density, 
using (5-27a)—- (5-276), and integrating over a sphere of radius r. Compare the 
answer with (5-23b). 


For a small loop of constant current, derive its far-zone fields using (5-17) and 
the procedure outlined and relationships developed in Section 3.6. Compare the 
answers with (5-27a)—(5-27c). 


A single-turn resonant circular loop with a 4/8 radius is made of copper 
wire with a wire radius of 107*4./2zt and conductivity of 5.7 x 107 S/m. For a 
frequency of 100 MHz, determine, assuming uniform current, the 


(a) radiation efficiency (assume the wire is straight); 


(b) maximum gain of the antenna (dimensionless and in dB). 


Design a lossless resonant circular loop operating at 10 MHz so that its single- 
turn radiation resistance is 0.73 ohms. The resonant loop is to be connected to 
a matched load through a balanced “twin-lead” 300-ohm transmission line. 

(a) Determine the radius of the loop (in meters and wavelengths). 

(b) To minimize the matching reflections between the resonant loop and the 
300-ohm transmission line, determine the closest number of integer turns 
the loop must have. 

(c) For the loop of part b, determine the maximum power that can be expected 
to be delivered to a receiver matched load if the incident wave is polarization 
matched to the lossless resonant loop. The power density of the incident 
wave is 10~°watts/m?. 


A resonant six-turn loop of closely spaced turns is operating at 50 MHz. The 
radius of the loop is 4/30, and the loop is connected to a 50-ohm transmission 
line. The radius of the wire is 4/300, its conductivity is o = 5.7 x 107 S/m, 
and the spacing between the turns is 4/100. Determine the 


(a) directivity of the antenna (in dB) 

(b) radiation efficiency taking into account the proximity effects of the turns 
(c) reflection efficiency 

(d) gain of the antenna (in dB) 

Find the radiation efficiency (in percent) of an eight-turn circular-loop antenna 


operating at 30 MHz. The radius of each turn is a — 15 cm, the radius of the 
wire is b = 1 mm, and the spacing between turns is 2c = 3.6 mm. Assume 
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5.14. 


5.15. 


5.16. 


5.17. 


5.18. 


5.19. 


5.20. 


5.21. 


5.22. 


5.23. 
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the wire is copper (o = 5.7 x 107 S/m), and the antenna is radiating into free- 
space. Account for the proximity effect. 


A very small circular loop of radius a(a < ^/67) and constant current Jo is 
symmetrically placed about the origin at x = 0 and with the plane of its area 
parallel to the y-z plane. Find the 


(a) spherical E- and H-field components radiated by the loop in the far zone 
(b) directivity of the antenna 


Repeat Problem 5.14 when the plane of the loop is parallel to the x-z plane at 
y=0. 

Using the computer program of this chapter, compute the radiation resistance 
and the directivity of a circular loop of constant current with a radius of 

(a) a224/50 (b)a=A/10 (C)Ja=A/4 (d)a-4/2 

A constant current circular loop of radius a = 51/4 is placed on the x-y plane. 


Find the two smallest angles (excluding 0 = 0°) where a null is formed in the 
far-field pattern. 


Design a circular loop of constant current such that its field intensity vanishes 
only at 0 = 0^(0 = 180°) and 90°. Find its 

(a) radius 

(b) radiation resistance 

(c) directivity 

Design a constant current circular loop so that its first minimum, aside from 


0 = 0°, in its far-field pattern is at 30° from a normal to the plane of the loop. 
Find the 


(a) smallest radius of the antenna (in wavelengths) 
(b) relative (to the maximum) radiation intensity (in dB) in the plane of the loop 
Design a constant current circular loop so that its pattern has a null in the plane 


of the loop, and two nulls above and two nulls below the plane of the loop. 
Find the 


(a) radius of the loop 
(b) angles where the nulls occur 


A constant current circular loop is placed on the x-y plane. Find the far-field 
position, relative to that of the loop, that a linearly polarized probe antenna 
must have so that the polarization loss factor (PLF) is maximized. 


A very small (a < A) circular loop of constant current is placed a distance 
h above an infinite electric ground plane. Assuming z is perpendicular to the 
ground plane, find the total far-zone field radiated by the loop when its plane 
is parallel to the 

(a) x-z plane 

(b) y-z plane 


A very small loop antenna (a < 4/30) of constant current is placed a height h 
above a flat, perfectly conducting ground plane of infinite extent. The area plane 
of the loop is parallel to the interface (x-y plane). For far-field observations 
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(a) find the total electric field radiated by the loop in the presence of the 
ground plane 

(b) all the angles (in degrees) from the vertical to the interface where the total 
field will vanish when the height is A 

(c) the smallest nonzero height (in A) such that the total far-zone field exhibits 
a null at an angle of 60° from the vertical 


k— ~—>| 


5.24. A small circular loop, with its area parallel to the x-z plane, is placed a height 
h above an infinite flat perfectly electric conducting ground plane. Determine 


(a) the array factor for the equivalent problem which allows you to find the 
total field on and above the ground plane 


(b) angle(s) 0 (in degrees) where the array factor will vanish when the loop is 
placed at a height 4/2 above the ground plane 


Zz 


k— > —>| 


> 


x 


5.25. A small circular loop with its area parallel to the x-z plane is placed at a height 
h above an infinite perfectly conducting ground plane, as shown in the figure 
for Problem 5.24. Determine the 
(a) array factor for the equivalent problem which will allow you to find the 

total field on and above the ground plane. 
(b) two smallest heights h (in X) greater than h = 0 (i.e., h > 0) that will form 
a maximum on the magnitude of the array factor toward 6 = 0°. 


5.26. For the loop of Problem 5.22(a), find the smallest height h so that a null is 
formed in the y-z plane at an angle of 45° above the ground plane. 


5.27. A small single-turn circular loop of radius a — 0.054 is operating at 300 MHz. 
Assuming the radius of the wire is 1074A, determine the 
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5.28. 


5.29. 


5.30. 


5.31 


5.32. 
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(a) loss resistance 
(b) radiation resistance 
(c) loop inductance 


Show that the loop inductive reactance is much greater than the loss resis- 
tance and radiation resistance indicating that a small loop acts primarily as 
an inductor. 


Determine the radiation resistance of a single-turn small loop, assuming the 
geometrical shape of the loop is 


(a) rectangular with dimensions a and b (a, b « i) 
(b) elliptical with major axis a and minor axis b (a, b, & A) 


A one-turn small circular loop is used as a radiating element for a VHF (f — 
100 MHz) communications system. The loop is constructed out of a perfect 
electric conducting wire. The circumference of the loop is C = 4/20 while the 
radius of the wire is 4/400. Determine, using o = 5.7 x 10’ S/m, the 


(a) input resistance of the wire for a single turn. 
(b) input reactance of the loop. Is it inductive or capacitive? Be specific. 


(c) inductance (in henries) or capacitance (in farads) that can be placed in 
series with the loop at the feed to resonate the antenna at f = 100 MHz; 
choose the element that will accomplish the desired objective. 


Show that for the rectangular loop the radiation resistance is represented by 


a?b? 
R, = 31,171 (57) 
M 


while for the elliptical loop is represented by 


2 2p2 
R31. 171 (Z i ) 


164^ 


Assuming the direction of the magnetic field of the incident plane wave coin- 
cides with the plane of incidence, derive the effective length of a small circular 
loop of radius a based on the definition of (2-92). Show that its effective 
length is 

le = Ag jkS sin(0) 


where S = za’. 


A circular loop of nonconstant current distribution, with circumference of 1.44, 

is attached to a 300-ohm line. Assuming the radius of the wire is 1.555 x 10722, 

find the 

(a) input impedance of the loop 

(b) VSWR of the system 

(c) inductance or capacitance that must be placed across the feed points so that 
the loop becomes resonant at f = 100 MHz. 
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5.33. A very popular antenna for amateur radio operators is a square loop antenna 
(referred to as quad antenna) whose circumference is one wavelength. Assum- 
ing the radiation characteristics of the square loop are well represented by those 
of a circular loop: 


(a) What is the input impedance (real and imaginary parts) of the antenna? 


(b) What element (inductor or capacitor), and of what value, must be placed in 
series with the loop at the feed point to resonate the radiating element at a 
frequency of 1 GHz? 


(c) What is the input VSWR, having the inductor or capacitor in place, if the 
loop is connected to a 78-ohm coaxial cable? 
5.34. Design circular loops of wire radius b, which resonate at the first 
resonance. Find 


(a) four values of a/b where the first resonance occurs (a is the radius of 
the loop) 


(b) the circumference of the loops and the corresponding radii of the wires for 
the antennas of part (a). 


5.35. Using the asymptotic form of (5-59b) for small argument, show that the radia- 
tion resistance of (5-64a) for a small loop of uniform current is given by 


C 4 
R, = 202? (ka)* = 20x? (£) 


5.36. Consider a circular loop of wire of radius a on the x-y plane and centered about 
the origin. Assume the current on the loop is given by 


I3($') = Ip cos(’) 
(a) Show that the far-zone electric field of the loop is given by 


jnka , e Ji (ka sin0) 


Eg = I — 6 si 
pate a Or O 
jnka ei , : 
Ey = 2 nid (ka sin 0) cos $ 
where ino) 
Kw = 
dx 


(b) Evaluate the radiation intensity U (0, $) in the direction 0 = 0 and $ = 5 
as a function of ka. 
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CHAPTER 6 
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Arrays: Linear, Planar, and Circular 


6.1 INTRODUCTION 


In the previous chapter, the radiation characteristics of single-element antennas were 
discussed and analyzed. Usually the radiation pattern of a single element is relatively 
wide, and each element provides low values of directivity (gain). In many applications 
it is necessary to design antennas with very directive characteristics (very high gains) 
to meet the demands of long distance communication. This can only be accomplished 
by increasing the electrical size of the antenna. 

Enlarging the dimensions of single elements often leads to more directive charac- 
teristics. Another way to enlarge the dimensions of the antenna, without necessarily 
increasing the size of the individual elements, is to form an assembly of radiating 
elements in an electrical and geometrical configuration. This new antenna, formed by 
multielements, is referred to as an array. In most cases, the elements of an array are 
identical. This is not necessary, but it is often convenient, simpler, and more practical. 
The individual elements of an array may be of any form (wires, apertures, etc.). 

The total field of the array is determined by the vector addition of the fields radiated 
by the individual elements. This assumes that the current in each element is the same 
as that of the isolated element (neglecting coupling). This is usually not the case and 
depends on the separation between the elements. To provide very directive patterns, it 
is necessary that the fields from the elements of the array interfere constructively (add) 
in the desired directions and interfere destructively (cancel each other) in the remaining 
space. Ideally this can be accomplished, but practically it is only approached. In an 
array of identical elements, there are at least five controls that can be used to shape 
the overall pattern of the antenna. These are: 


1. the geometrical configuration of the overall array (linear, circular, rectangular, 
spherical, etc.) 


the relative displacement between the elements 
the excitation amplitude of the individual elements 
the excitation phase of the individual elements 


oh oso P3 


the relative pattern of the individual elements 
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The influence that each one of the above has on the overall radiation characteristics 
will be the subject of this chapter. In many cases the techniques will be illustrated 
with examples. 

There are a plethora of antenna arrays used for personal, commercial, and military 
applications utilizing different elements including dipoles, loops, apertures, microstrips, 
horns, reflectors, and so on. Arrays of dipoles are shown in Figures 4.21, 10.19, 
and 11.12. The one in Figure 4.21 is an array that is widely used as a base-station 
antenna for mobile communication. It is a triangular array consisting of twelve dipoles, 
with four dipoles on each side of the triangle. Each four-element array, on each side 
of the triangle, is basically used to cover an angular sector of 120° forming what is 
usually referred to as a sectoral array. The one in Figure 10.19 is a classic array of 
dipoles, referred to as the Yagi-Uda array, and it is primarily used for TV and ama- 
teur radio applications. The array of Figure 11.12 is also an array of dipoles, which is 
referred to as the log-periodic antenna, which is primarily used for TV reception and 
has wider bandwidth than the Yagi-Uda array but slightly smaller directivity. An array 
of loops is shown in Figure 5.1 and one utilizing microstrips as elements is displayed 
in Figure 14.35. An advanced array design of slots, used in the AWACS, is shown in 
Figure 6.27. 

The simplest and one of the most practical arrays is formed by placing the elements 
along a line. To simplify the presentation and give a better physical interpretation of the 
techniques, a two-element array will first be considered. The analysis of an N-element 
array will then follow. Two-dimensional analysis will be the subject at first. In latter 
sections, three-dimensional techniques will be introduced. 


6.2 TWO-ELEMENT ARRAY 


Let us assume that the antenna under investigation is an array of two infinitesimal 
horizontal dipoles positioned along the z-axis, as shown in Figure 6.1(a). The total 
field radiated by the two elements, assuming no coupling between the elements, is 
equal to the sum of the two and in the y-z plane it is given by 


kIgl. ( e-i- 0/21 eo Ier 8/21 
E = Ey EE = foj | cos + cos | (6-1) 
4r rı r2 


where f is the difference in phase excitation between the elements. The magnitude 
excitation of the radiators is identical. Assuming far-field observations and referring to 
Figure 6.1(b), 


0; 205 —0 (6-2a) 


d 
rı xr — -—cos0 
for phase variations (6-2b) 


ra Ni SSe 


xn xr for amplitude variations (6-2c) 


TWO-ELEMENT ARRAY 


—— y 
(a) Two infinitesimal dipoles 
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r 

-y 
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(b) Far-field observations 


Figure 6.1 Geometry of a two-element array positioned along the z-axis. 


Equation 6-1 reduces to 


kIole- J** ee 
E, = à; jn res cos 0 [e * / 4 co56*5)/2 4 e jd cos )/2] 


.o0. kIgle-* 1 
E, = âo jn ———— cos 9 } 2 cos | 2 (kd cos 6 + B) 
4nr 2 
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(6-3) 


It is apparent from (6-3) that the total field of the array is equal to the field of a 
single element positioned at the origin multiplied by a factor which is widely referred 
to as the array factor. Thus for the two-element array of constant amplitude, the array 


factor is given by 
AF = 2cos[1(kd cos 6 + )] 


(6-4) 
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which in normalized form can be written as 
(AF), = cos[4 (kd cos @ + B)] (6-4a) 


The array factor is a function of the geometry of the array and the excitation phase. By 
varying the separation d and/or the phase 6 between the elements, the characteristics 
of the array factor and of the total field of the array can be controlled. 

It has been illustrated that the far-zone field of a uniform two-element array of 
identical elements is equal to the product of the field of a single element, at a selected 
reference point (usually the origin), and the array factor of that array. That is, 


K(total) = [E(single element at reference point)] x [array factor] (6-5) 


This is referred to as pattern multiplication for arrays of identical elements, and it is 
analogous to the pattern multiplication of (4-59) for continuous sources. Although it has 
been illustrated only for an array of two elements, each of identical magnitude, it is also 
valid for arrays with any number of identical elements which do not necessarily have 
identical magnitudes, phases, and/or spacings between them. This will be demonstrated 
in this chapter by a number of different arrays. 

Each array has its own array factor. The array factor, in general, is a function of 
the number of elements, their geometrical arrangement, their relative magnitudes, their 
relative phases, and their spacings. The array factor will be of simpler form if the 
elements have identical amplitudes, phases, and spacings. Since the array factor does 
not depend on the directional characteristics of the radiating elements themselves, it 
can be formulated by replacing the actual elements with isotropic (point) sources. Once 
the array factor has been derived using the point-source array, the total field of the 
actual array is obtained by the use of (6-5). Each point-source is assumed to have the 
amplitude, phase, and location of the corresponding element it is replacing. 

In order to synthesize the total pattern of an array, the designer is not only required 
to select the proper radiating elements but the geometry (positioning) and excitation 
of the individual elements. To illustrate the principles, let us consider some examples. 


Example 6.1 


Given the array of Figures 6.1(a) and (b), find the nulls of the total field when d = 4/4 and 


a. B=0 

T 
b. B= i 
CB E 
Solution: 


a. B=0 
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The normalized field is given by 
T 
E;n = cos 0 cos e cos o) 
The nulls are obtained by setting the total field equal to zero, or 
T 
Ej, = cosÓ cos (+ cos e) lee, — 0 


Thus 
cos 0, = 0 © 0, = 90° 


and 


3 T T ; 
cos e cos 6.) Exe» T cos 6, = aoa => 6, = does not exist 


NIA 


The only null occurs at 0 = 90° and is due to the pattern of the individual elements. The 
array factor does not contribute any additional nulls because there is not enough separation 
between the elements to introduce a phase difference of 180° between the elements, for any 
observation angle. 


TE 
b. B=+— 
B aS 


The normalized field is given by 
T 
Ej, = cos 0 cos [F (cose + D] 
The nulls are found from 
mL 
Ei, = cosÓ cos [ Coso + D] la = 0 


Thus 
cos 0, = 07» 0, = 90° 


and 


cos [F (cose 4 D] pesos = (cos 6, Fie 5 EIUS 


and 
T 


=> T Cos 6, +1) = 7 => 6, = does not exist 


The nulls of the array occur at 0 = 90° and 0°. The null at 0^ is introduced by the 
arrangement of the elements (array factor). This can also be shown by physical reasoning, 
as shown in Figure 6.2(a). The element in the negative z-axis has an initial phase lag of 90^ 
relative to the other element. As the wave from that element travels toward the positive z-axis 
(0 — 0^ direction), it undergoes an additional 90^ phase retardation when it arrives at the 
other element on the positive z-axis. Thus there is a total of 180^ phase difference between 
the waves of the two elements when travel is toward the positive z-axis (0 = 0°). The waves 
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N 


e =0° LL 
#1 "EE 
* * 
| e jn/4 Aó = 90? 
/8 
+ me gin 
A18 
| "EL 
hd 
#2 
6 = 180° 
(a) 0 = 0° direction (b) 0 = 180° direction 


Figure 6.2 Phase accumulation for two-element array for null formation toward 0 = 0° 
and 180°. 


of the two elements are in phase when they travel in the negative z-axis (0 = 180°), as 
shown in Figure 6.2(b). 


The normalized field is given by 
T 
E;n = cos O cos [7 (cose — D] 


and the nulls by 
Ej, = cos @ cos [F (cos — D] lo=e, = 0 


Thus 
cos 6, =0> 6, = 90° 


and 
T T T ; 
cos [F (cos 0, — D] == qs Gaol) 5 D 0, = does not exist 


and 


= era = h=- = 180° 
S—Gost, = iS —— Se = 
4 2 


The nulls occur at 90° and 180°. The element at the positive z-axis has a phase lag of 90° 
relative to the other, and the phase difference is 180° when travel is restricted toward the 
negative z-axis. There is no phase difference when the waves travel toward the positive 
z-axis. A diagram similar to that of Figure 6.2 can be used to illustrate this case. 
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To better illustrate the pattern multiplication rule, the normalized patterns of the 
single element, the array factor, and the total array for each of the above array examples 
are shown in Figures 6.3, 6.4(a), and 6.4(b). In each figure, the total pattern of the array 
is obtained by multiplying the pattern of the single element by that of the array factor. 
In each case, the pattern is normalized to its own maximum. Since the array factor for 
the example of Figure 6.3 is nearly isotropic (within 3 dB), the element pattern and the 
total pattern are almost identical in shape. The largest magnitude difference between 
the two is about 3 dB, and for each case it occurs toward the direction along which the 
phases of the two elements are in phase quadrature (90° out of phase). For Figure 6.3 
this occurs along 6 = 0° while for Figures 6.4(a,b) this occurs along 6 = 90°. Because 
the array factor for Figure 6.4(a) is of cardioid form, its corresponding element and 
total patterns are considerably different. In the total pattern, the null at 0 = 90° is due 
to the element pattern while that toward 0 — 0^ is due to the array factor. Similar 
results are displayed in Figure 6.4(b). 
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Figure 6.3 Element, array factor, and total field patterns of a two-element array of infinitesimal 
horizontal dipoles with identical phase excitation (f = 0°, d = 4/4). 
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Example 6.2 
Consider an array of two identical infinitesimal dipoles oriented as shown in Figures 6.1(a) 
and (b). For a separation d and phase excitation difference 6 between the elements, find the 
angles of observation where the nulls of the array occur. The magnitude excitation of the 
elements is the same. 
Solution: The normalized total field of the array is given by (6-3) as 
Em = cos0 cos[3 (kd cos 0 + 8)] 


To find the nulls, the field is set equal to zero, or 


En = cos0 cos[4 (kd cos 0 + B)]|o=9, = 0 


cos 0, — 0 £» 0, = 90* 


1 1 
cos |; teme, + p)| e (e 5 kd cos 6, JE foem 3 


> 6, = cos! (I +(Qn+ 02) ; 


gp es ll. us 


The null at 0 = 90° is attributed to the pattern of the individual elements of the array while 
the remaining ones are due to the formation of the array. For no phase difference between 
the elements (6 = 0), the separation d must be equal or greater than half a wavelength 
(d > 4/2) in order for at least one null, due to the array, to occur. 


6.3 N-ELEMENT LINEAR ARRAY: UNIFORM AMPLITUDE 
AND SPACING 


Now that the arraying of elements has been introduced and it was illustrated by the 
two-element array, let us generalize the method to include N elements. Referring to the 
geometry of Figure 6.5(a), let us assume that all the elements have identical amplitudes 
but each succeeding element has a 6 progressive phase lead current excitation relative 
to the preceding one (6 represents the phase by which the current in each element leads 
the current of the preceding element). An array of identical elements all of identical 
magnitude and each with a progressive phase is referred to as a uniform array. The 
array factor can be obtained by considering the elements to be point sources. If the 
actual elements are not isotropic sources, the total field can be formed by multiplying 
the array factor of the isotropic sources by the field of a single element. This is the 
pattern multiplication rule of (6-5), and it applies only for arrays of identical elements. 
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The array factor is given by 
AF=1+ eti (kd cos 0- p) ER et Kd cos 6+B) qose ei ON - DG cos6+B) 
= (6-6) 
AF= b3 eee 
n=1 


which can be written as 


N 

AF= 9 tee (6-7) 
n=1 

where wy = kdcos0 + B (6-7a) 


Relative power 
Relative power 
(dB down) 


(dB down) 


180° 180° 


Element Array factor 


Figure 6.4 Pattern multiplication of element, array factor, and total array patterns of a 
two-element array of infinitesimal horizontal dipoles with (a) 8 = +90°, d = 4/4. 
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Figure 6.4 (b) 8 = —90°, d = 4/4 (continued). 


Since the total array factor for the uniform array is a summation of exponentials, 
it can be represented by the vector sum of N phasors each of unit amplitude and 
progressive phase y relative to the previous one. Graphically this is illustrated by the 
phasor diagram in Figure 6.5(b). It is apparent from the phasor diagram that the ampli- 
tude and phase of the AF can be controlled in uniform arrays by properly selecting 
the relative phase y between the elements; in nonuniform arrays, the amplitude as 
well as the phase can be used to control the formation and distribution of the total 
array factor. 

The array factor of (6-7) can also be expressed in an alternate, compact and closed 
form whose functions and their distributions are more recognizable. This is accom- 
plished as follows. 

Multiplying both sides of (6-7) by e/”, it can be written as 


(APje/* = ei* p cl 4 eit 4.0.04 (NT DV 4 SINE (6-8) 


N-ELEMENT LINEAR ARRAY: UNIFORM AMPLITUDE AND SPACING 293 


1/(N-Dy 


1/3y | #4 


(a) Geometry (b) Phasor diagram 


Figure 6.5 Far-field geometry and phasor diagram of N-element array of isotropic sources 
positioned along the z-axis. 
Subtracting (6-7) from (6-8) reduces to 

AF(e/¥ — 1) = (—1 + e"*) (6-9) 
which can also be written as 


gi" L] ei NIDY o7 ON) 
AF= = gU DA 
ev —] eid /dDy — e- iav 


a(z») 
sin | —v 
— piltW—D/2W 2 (6-10) 
. f(1l 
sin (sv) 
If the reference point is the physical center of the array, the array factor of (6-10) 


reduces to 
sin| — 
2 
AF-2|———— 


. (1 
sin (v) 


(6-10a) 
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For small values of y, the above expression can be approximated by 


.(N 
sin (2v) 
AF x | ————— (6-10b) 


The maximum value of (6-10a) or (6-10b) is equal to N. To normalize the array factors 
so that the maximum value of each is equal to unity, (6-10a) and (6-10b) are written 
in normalized form as (see Appendix II) 


(6-10c) 


and (see Appendix I) 


(6-10d) 


To find the nulls of the array, (6-10c) or (6-10d) is set equal to zero. That is, 


i N 0o Py tnx 6 ees yee 
sin| ~y | = — V|e-e, = p = cos | — | -6 + — 
m 3 alias 2nd NT 


n= 1,2,3,... GY 
n Æ N,2N,3N,...with (6-10c) 
For n = N,2N,3N,..., (6-10c) attains its maximum values because it reduces to a 


sin(0)/0 form. The values of n determine the order of the nulls (first, second, etc.). For 
a zero to exist, the argument of the arccosine cannot exceed unity. Thus the number 
of nulls that can exist will be a function of the element separation d and the phase 
excitation difference £. 

The maximum values of (6-10c) occur when 


1 À 
; = x (kd cos 6 + B)|la-a, = EMT > Om = cos! Iz; ^ + 2mz)| 

m=0,1,2,... (6-12) 

The array factor of (6-10d) has only one maximum and occurs when m = 0 in (6-12). 

That is, 
À 

0, = cos! SE. (6-13) 

2nd 


which is the observation angle that makes y = 0. 
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The 3-dB point for the array factor of (6-10d) occurs when (see Appendix I) 


N N 
5 V = g (d cos + )lo-o, = 51.391 


2 
—6,-—cos! T —ß + 22 (6-14) 
= 2nd N 
which can also be written as 
T Xr 2.782 
6, = — — sin™! | — | -8 + —— -14 
BS sin x ( B N ) (6-14a) 


For large values of d(d > A), it reduces to 


x à 2.782 
8, ~ E xm (-^ + 2:2] (6-14b) 


The half-power beamwidth ©, can be found once the angles of the first maximum 
(6,,) and the half-power point (0,) are determined. For a symmetrical pattern 


8, = 210m — On| (6-14c) 


For the array factor of (6-10d), there are secondary maxima (maxima of minor 
lobes) which occur approximately when the numerator of (6-10d) attains its maximum 
value. That is, 


N N N 
sin (2v) — sin [Zaa cos 0 + Zl lex, ^: x10 5 V4 cos 0 + 8)|e—e, 


2 
2s 1 24 À 2s +1 
c c POX —|}-Bt ; 
(I)e al) 


i= Wy 25 3 yes (6-15) 


which can also be written as 


a 25 +1 
as sin Ex |p (AS ale Con eee: ru (6-15a) 


For large values of d(d > A), it reduces to 


n 25 41 
x5 [pa (AS )]. ed ind (6-15b) 
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The maximum of the first minor lobe of (6-10c) occurs approximately when (see 
Appendix I) 


N N 3x 
zY = 5 d cos 0 + B)|o=0, & + (=) (6-16) 
or when i $ 
T 
0, = cos"! | — | —B + — 6-16 
E l| p xl PU 
At that point, the magnitude of (6-10d) reduces to 
sin (2v) > 
(AF), x | ————— = — = 0.212 (6-17) 
N 37 
av 6—6, 
s-l 
which in dB is equal to 
2 
(AF), = 20 logio (=) = —13.46 dB (6-17a) 
T 


Thus the maximum of the first minor lobe of the array factor of (6-10d) is 13.46 dB 
down from the maximum at the major lobe. More accurate expressions for the angle, 
beamwidth, and magnitude of first minor lobe of the array factor of (6-10d) can be 
obtained. These will be discussed in Chapter 12. 


6.3.1 Broadside Array 


In many applications it is desirable to have the maximum radiation of an array directed 
normal to the axis of the array [broadside; 6) = 90° of Figure 6.5(a)]. To optimize the 
design, the maxima of the single element and of the array factor should both be directed 
toward 6) = 90°. The requirements of the single elements can be accomplished by the 
judicious choice of the radiators, and those of the array factor by the proper separation 
and excitation of the individual radiators. In this section, the requirements that allow 
the array factor to “radiate” efficiently broadside will be developed. 

Referring to (6-10c) or (6-10d), the first maximum of the array factor occurs when 


y = kdcos0 + B —0 (6-18) 


Since it is desired to have the first maximum directed toward 6) = 90°, then 


V = kd cos0 + Blg-og = B = 0 (6-18a) 


Thus to have the maximum of the array factor of a uniform linear array directed 
broadside to the axis of the array, it is necessary that all the elements have the same 
phase excitation (in addition to the same amplitude excitation). The separation between 
the elements can be of any value. To ensure that there are no principal maxima in other 
directions, which are referred to as grating lobes, the separation between the elements 
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should not be equal to multiples of a wavelength (d Z5 nA, n = 1,2,3...) when B = 0. 
If d 2nA,n—1,2,3,... and P = 0, then 


y —kdcos0--B|, ,, — —2zncos0|, ,, jy = H2nT (6-19) 


p=0 
nzl;2;3,.. 


This value of w when substituted in (6-10c) makes the array factor attain its maximum 
value. Thus for a uniform array with 6 = 0 and d = nA, in addition to having the 
maxima of the array factor directed broadside (09 = 90^) to the axis of the array, 
there are additional maxima directed along the axis (6) = 0°, 180°) of the array (end- 
fire radiation). 

One of the objectives in many designs is to avoid multiple maxima, in addition to 
the main maximum, which are referred to as grating lobes. Often it may be required 
to select the largest spacing between the elements but with no grating lobes. To avoid 
any grating lobe, the largest spacing between the elements should be less than one 
wavelength (dmax < 4). 

To illustrate the method, the three-dimensional array factor of a 10-element (N = 10) 
uniform array with 6 = 0 and d = 4/4 is shown plotted in Figure 6.6(a). A 90° angular 
sector has been removed for better view of the pattern distribution in the elevation 
plane. The only maximum occurs at broadside (6) = 90°). To form a comparison, 
the three-dimensional pattern of the same array but with d =A is also plotted in 
Figure 6.6(b). For this pattern, in addition to the maximum at 6) = 90°, there are 
additional maxima directed toward 6) = 0°, 180°. The corresponding two-dimensional 
patterns of Figures 6.6(a,b) are shown in Figure 6.7. 

If the spacing between the elements is chosen between A « d < 22, then the max- 
imum of Figure 6.6 toward 6) = 0^ shifts toward the angular region 0° < 6) < 90° 
while the maximum toward 6) = 180° shifts toward 90° < 09 < 180°. When d = 2A, 
there are maxima toward 0°, 60°, 90°, 120° and 180°. 

In Tables 6.1 and 6.2 the expressions for the nulls, maxima, half-power points, 
minor lobe maxima, and beamwidths for broadside arrays have been listed. They are 
derived from (6-10c)—(6-16a). 


6.3.2 Ordinary End-Fire Array 


Instead of having the maximum radiation broadside to the axis of the array, it may 
be desirable to direct it along the axis of the array (end-fire). As a matter of fact, it 
may be necessary that it radiates toward only one direction (either 6) = 0° or 180° of 
Figure 6.5). 

To direct the first maximum toward 6) = 0°, 


V = kd cos0 + B|ozo» = kd + B = 0 > B = —kd (6-20a) 


If the first maximum is desired toward 6) = 180°, then 


V = kd cos0 + Blo=1800 = —kd + p = 07» B = kd (6-20b) 
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(a) Broadside (f = 0, d = 4/4) 


rd 


(b) Broadside/end-fire (B = 0, d =A) 


Figure 6.6 Three-dimensional amplitude patterns for broadside, and broadside/end-fire arrays 
(N = 10). 
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Figure 6.7 Array factor patterns of a 10-element uniform amplitude broadside array 
(N = 10, 8 = 0). 


Thus end-fire radiation is accomplished when 8 = —kd (for 6) = 0^) or 8 = kd (for 
69 = 180°). 

If the element separation is d = A/2, end-fire radiation exists simultaneously in 
both directions (69 = 0° and 6) = 180°). If the element spacing is a multiple of a 
wavelength (d = nA, n = 1,2,3,...), then in addition to having end-fire radiation in 
both directions, there also exist maxima in the broadside directions. Thus for d = 
nà,n = 1,2,3,... there exist four maxima; two in the broadside directions and two 
along the axis of the array. To have only one end-fire maximum and to avoid any grating 
lobes, the maximum spacing between the elements should be less than dmax < X/2. 

The three-dimensional radiation patterns of a 10-element (N = 10) array with d = 
A/4, B =+kd are plotted in Figure 6.8. When 6 = —kd, the maximum is directed 
along 6o = 0° and the three-dimensional pattern is shown in Figure 6.8(a). However, 
when f = +kd, the maximum is oriented toward 6) = 180°, and the three-dimensional 
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TABLE 6.1 Nulls, Maxima, Half-Power Points, and 
Minor Lobe Maxima for Uniform Amplitude 
Broadside Arrays 


nÀ 
NULLS 0, = cos™! | +— += 
Nd 
n-21;,2,3,... 
n z N,2N,3N,... 
mA 
MAXIMA 0, = cos! (==) 
m=0,1,2,... 
_ f 1391 
HALF-POWER On c: cos + 
POINTS aNd 
zd/A «xl 
E A /2s+1 
MINOR LOBE 0, ~ cos t 
MAXIMA N 
51.2.3... 
zd/A«1 


TABLE 6.2 Beamwidths for Uniform Amplitude 
Broadside Arrays 


FIRST-NULL ©, =2 E gos (5) 
BEAMWIDTH 2 Nd 
(FNBW) 

[: a ej 

HALF-POWER ©, —2|— — cos 
BEAMWIDTH 2 n Nd 
(HPBW) zd/A«l 


3A 
FIRST SIDELOBE ©, ~2 E — (=) 
BEAMWIDTH 
(FSLBW) zd/A«l 


pattern is shown in Figure 6.8(b). The two-dimensional patterns of Figures 6.8(a,b) are 
shown in Figure 6.9. To form a comparison, the array factor of the same array (N — 10) 
but with d = A and 6 = —kd has been calculated. Its pattern is identical to that of a 
broadside array with N = 10, d = À, and it is shown plotted in Figure 6.7. It is seen 
that there are four maxima; two broadside and two along the axis of the array. 

The expressions for the nulls, maxima, half-power points, minor lobe maxima, and 
beamwidths, as applied to ordinary end-fire arrays, are listed in Tables 6.3 and 6.4. 


6.3.3 Phased (Scanning) Array 


In the previous two sections it was shown how to direct the major radiation from an 
array, by controlling the phase excitation between the elements, in directions normal 
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Figure 6.8 Three-dimensional amplitude patterns for end-fire arrays toward 69 = 0^ and 180° 
(N = 10, d = 4/4). 


(broadside) and along the axis (end fire) of the array. It is then logical to assume that 
the maximum radiation can be oriented in any direction to form a scanning array. The 
procedure is similar to that of the previous two sections. 

Let us assume that the maximum radiation of the array is required to be oriented at 
an angle 6)(0° < 0) < 180°). To accomplish this, the phase excitation 6 between the 
elements must be adjusted so that 


V = kd cos0 + Blaze, = kd cos 6o + B — 0 > B = —kd cos bo (6-21) 


Thus by controlling the progressive phase difference between the elements, the maxi- 
mum radiation can be squinted in any desired direction to form a scanning array. This 
is the basic principle of electronic scanning phased array operation. Since in phased 
array technology the scanning must be continuous, the system should be capable of 
continuously varying the progressive phase between the elements. In practice, this 
is accomplished electronically by the use of ferrite or diode phase shifters. For fer- 
rite phase shifters, the phase shift is controlled by the magnetic field within the ferrite, 
which in turn is controlled by the amount of current flowing through the wires wrapped 
around the phase shifter. 

For diode phase shifter using balanced, hybrid-coupled varactors, the actual phase 
shift is controlled either by varying the analog bias dc voltage (typically 0—30 volts) 
or by a digital command through a digital-to-analog (D/A) converter [1]— [3]. 

Shown in Figure 6.10 is an incremental switched-line PIN-diode phase shifter 
[2]-[3]. This design is simple, straightforward, lightweight, and high speed. The 
lines of lengths lı and J, are switched on and off by controlling the bias of the PIN 
diodes, using two single-pole double-throw switches, as illustrated in Figure 6.10. The 
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Figure 6.9 Array factor patterns of a 10-element uniform amplitude end-fire array 
(N = 10, d = 4/4). 


differential phase shift, provided by switching on and off the two paths, is given by 
Ad = k(h — l1) (6-21a) 


By properly choosing lı and h, and the operating frequency, the differential phase 
shift (in degrees) provided by each incremental line phase shifter can be as small as 
desired, and it determines the resolution of the phase shifter. The design of an entire 
phase shifter typically utilizes several such incremental phase shifters to cover the entire 
range (0 — 180°) of phase. However, the switched-line phase shifter, as well as many 
other ones, are usually designed for binary phase shifts of Ad = 180°, 90°, 45°, 22.5°, 
etc. [3]. There are other designs of PIN-diode phase shifters, including those that utilize 
open-circuited stubs and reactive elements [2]. The basic designs of a phase shifter 
utilizing PIN diodes are typically classified into three categories: switched line, loaded 
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TABLE 6.3 Nulls, Maxima, Half-Power Points, and 
Minor Lobe Maxima for Uniform Amplitude 
Ordinary End-Fire Arrays 


n 
NULLS 0, = cos! (: — =) 
Nd 
n=1,2,3,... 
n#N,2N,3N,... 
mA 
MAXIMA 0, = cos! (1 — m) 
m = 0,1,2, 
E 1.3914 
HALF-POWER On œ cos 1— 
POINTS maN 
zd/A «1 
2s + A 
MINOR LOBE 6, ~ cos! I = 2 
MAXIMA N 
s=1,2,3, 
zd/A «1 


TABLE 6.4 Beamwidths for Uniform Amplitude 
Ordinary End-Fire Arrays 


n 
FIRST-NULL ©, = 2cos^! ( = xi) 
BEAMWIDTH N 
(FNBW) 
B 1.3914 
HALF-POWER Qj, ~ 2cos 1— d 
BEAMWIDTH ndN 
(HPBW) zd/A«l 
E 3A 
FIRST SIDE LOBE Quse Ud o 
BEAMWIDTH 2Nd 
(FSLBW) zd/A«l 
Jl | 
In Out 
E 0 0 05 O j| ENSE 
Le ii E 


Figure 6.10 Incremental switched-line phase shifter using PIN diodes. (source: D.M. Pozar, 
Microwave Engineering, John Wiley & Sons, Inc. 2004). 
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line, and reflection type [3]. The loaded-line phase shifter can be used for phase shifts 
generally 45° or smaller. Phase shifters that utilize PIN diodes are not ideal switches 
since the PIN diodes usually possess finite series resistance and reactance that can 
contribute significant insertion loss if several of them are used. These phase shifters 
can also be used as time-delay devices. 

To demonstrate the principle of scanning, the three-dimensional radiation pattern of a 
10-element array, with a separation of 4/4 between the elements and with the maximum 
squinted in the 6) = 60° direction, is plotted in Figure 6.11(a). The corresponding 
two-dimensional pattern is shown in Figure 6.11(b). 

The half-power beamwidth of the scanning array is obtained using (6-14) with 
B = —kd cos 6. Using the minus sign in the argument of the inverse cosine function 
in (6-14) to represent one angle of the half-power beamwidth and the plus sign to 
represent the other angle, then the total beamwidth is the difference between these two 
angles and can be written as 


©), = cos”! E kd cos 6 — s cos ! ES kd cos 0g + ee 
2nd N 2nd N 


= cos! [ cos 4 — ar — cos! | cos 6o + an (6-22) 
E ° Nkd g 


Since N = (L + d)/d, (6-22) reduces to [4] 


©, = cos”! E 09 — 043 | 


(L +d) 
(6-22a) 


A 
— cos! Oo + 0.443 
cos co o + (Ld 


where L is the length of the array. Equation (6-22a) can also be used to compute the 
half-power beamwidth of a broadside array. However, it is not valid for an end-fire 
array. À plot of the half-power beamwidth (in degrees) as a function of the array 
length is shown in Figure 6.12. These curves are valid for broadside, ordinary end-fire, 
and scanning uniform arrays (constant magnitude but with progressive phase shift). In 
a later section it will be shown that the curves of Figure 6.12 can be used, in con- 
junction with a beam broadening factor [4], to compute the directivity of nonuniform 
amplitude arrays. 


6.3.4 Hansen-Woodyard End-Fire Array 


The conditions for an ordinary end-fire array were discussed in Section 6.3.2. It was 
concluded that the maximum radiation can be directed along the axis of the uniform 
array by allowing the progressive phase shift 8 between elements to be equal to (6-20a) 
for 05 = 0° and (6-20b) for 4) = 180°. 

To enhance the directivity of an end-fire array without destroying any of the other 
characteristics, Hansen and Woodyard [5] in 1938 proposed that the required phase 
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Figure 6.11 Three- and two-dimensional array factor patterns of a 10-element uniform ampli- 
tude scanning array (N = 10, 8 = —kd cos 6o, 0) = 60^, d = 4/4). 
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Figure 6.12 Half-power beamwidth for broadside, ordinary end-fire, and scanning uniform 
linear arrays. (source: R. S. Elliott, “Beamwidth and Directivity of Large Scanning Arrays," 
First of Two Parts, The Microwave Journal, December 1963). 


shift between closely spaced elements of a very long array should be 


B= i qc $5 (ka +=) f . in à — 0? 
= we N = for maximum in 6) = (6-23a) 


2.92 T . ; o 
B=+ (ra + X) cr (ka + c) — for maximum in 6) = 180 (6-23b) 


These requirements are known today as the Hansen-Woodyard conditions for end-fire 
radiation. They lead to a larger directivity than the conditions given by (6-20a) and 
(6-20b). It should be pointed out, however, that these conditions do not necessarily 
yield the maximum possible directivity. In fact, the maximum may not even occur at 
6) = 0° or 180°, its value found using (6-10c) or (6-10d) may not be unity, and the 
side lobe level may not be —13.46 dB. Both of them, maxima and side lobe levels, 
depend on the number of array elements, as will be illustrated. 


"Tn principle, the Hansen-Woodyard condition was derived for an infinitely long antenna with continuous dis- 
tribution. It thus gives good results for very long, finite length discrete arrays with closely spaced elements. 
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To realize the increase in directivity as a result of the Hansen-Woodyard conditions, 
it is necessary that, in addition to the conditions of (6-23a) and (6-23b), |y| assumes 
values of 

For maximum radiation along 6) = 0 


o 


IYI = |kd cos0 + Blezo = M and |v|— |kdcos@ + Blois c x — (624a) 
For maximum radiation along 6) = 180° 
|V| = |kd cos0 + Blg=i80° = < and |w|= |kd cos0 + Blo=0 XZ (6-24b) 
The condition of |w| 2 2/N in (6-24a) or (6-24b) is realized by the use of (6-23a) or 
(6-23b), respectively. Care must be exercised in meeting the requirement of |w| ~ x 


for each array. For an array of N elements, the condition of |y | ~ x is satisfied by 
using (6-23a) for 0 = 0°, (6-23b) for 0 = 180°, and choosing for each a spacing of 


geeks (6-25) 
MN j4 
If the number of elements is large, (6-25) can be approximated by 
A 
dx -— 6-25 
1 (6-25a) 


Thus for a large uniform array, the Hansen-Woodyard condition can only yield an 
improved directivity provided the spacing between the elements is approximately 2/4. 

This is also illustrated in Figure 6.13 where the 3-D field patterns of the ordinary 
and the Hansen-Woodyard end-fire designs, for N = 10 and d = 4/4, are placed next to 
each other. It is apparent that the major lobe of the ordinary end-fire is wider (HPBW — 
74^) than that of the Hansen-Woodyard (HPBW = 37°); thus, higher directivity for the 
Hansen-Woodyard. However, the side lobe of the ordinary end-fire is lower (about 
—13.5 dB) compared to that of the Hansen-Woodyard, which is about —8.9 dB. The 
lower side lobe by the ordinary end-fire is not sufficient to offset the benefit from the 
narrower beamwidth of the Hansen-Woodyard that leads to the higher directivity. A 
comparison between the ordinary and Hansen-Woodyard end-fire array patterns is also 
illustrated in Figure 10.16 for the design of a helical antenna. 

To make the comparisons more meaningful, the directivities for each of the patterns 
of Figures 6.13 have been calculated, using numerical integration, and it is found that 
they are equal to 11 and 19, respectively. Thus the Hansen-Woodyard conditions realize 
a 73% increase in directivity for this case. 

As will be shown in Section 6.4 and listed in Table 6.8, the directivity of a Hansen- 
Woodyard end-fire array is always approximately 1.805 times (or 2.56 dB) greater than 
the directivity of an ordinary end-fire array. The increase in directivity of the pattern 
in Figure 6.13 for the Hansen-Woodyard design is at the expense of an increase of 
about 4 dB in side lobe level. Therefore in the design of an array, there is a trade-off 
between directivity (or half-power beamwidth) and side lobe level. 

To show that (6-23a) and (6-23b) do not lead to improved directivities over those 
of (6-20a) and (6-20b) if (6-24a) and (6-24b) are not satisfied, the pattern for the same 
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(a) Ordinary (b) Hansen- Woodyard 


Figure 6.13 Three-dimensional patterns for ordinary and Hansen-Woodyard end-fire designs 
(N = 10, d = 4/4). 


array (N = 10) with d = A/A(B = —3zx/5) and d = 4/2(6 = —117/10) are plotted 
in Figure 6.14. Even though the d = 4/2 pattern exhibits a very narrow lobe in the 
o = 0° direction, its back lobes are larger than its main lobe. The d = 4/2 pattern 
fails to realize a larger directivity because the necessary |W|g—1g9° ~ 7t condition of 
(6-24a) is not satisfied. That is, 


IY] = |(kd cos@ + B)| igo: = | — Qkd + x/N)|a2ap = 2.10 (6-26) 
p=-(kd+7/N) N=10 


which is not equal to x as required by (6-24a). Similar results occur for spacings other 
than those specified by (6-25) or (6-25a). 

To better understand and appreciate the Hansen-Woodyard conditions, a succinct 
derivation of (6-23a) will be outlined. The procedure is identical to that reported by 
Hansen and Woodyard in their classic paper [5]. 

The array factor of an N-element array is given by (6-10c) as 


[N 
sin E cos 0 + | 


1 
(AF), RC 1 (6-27) 
sin EZ cos 0 + p)| 
and approximated, for small values of yY (y = kd cos0 + £), by (6-10d) or 
ATN 
sin [Zaa cos 0 + | 
(AF), 22 ——————————— (6-27a) 


[Zaa cos 0 + p 
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Figure 6.14 Array factor patterns of a 10-element uniform amplitude Hansen-Woodyard 
end-fire array [N = 10, 8 = —(kd + x/N)]. 


If the progressive phase shift between the elements is equal to 
B — —pd (6-28) 


where p is a constant, (6-27a) can be written as 


. [sin[g(kcos0 — p)]|  [sin(Z) : 
e, e| q(k cos — p) t= Z | s 
where 
q= 2 (6-29a) 


Z = q(kcos0 — p) (6-29b) 
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The radiation intensity can be written as 


2 
U(0) = (AE), = EM (6-30) 
whose value at 0 = 0° is equal to 
sin[q (k cos0 — p)] | [es =p) | 
VOl = | — ———— —— E m 6-30 
Ger = [oa cm 2v | ak) TI 


Dividing (6-30) by (6-30a), so that the value of the array factor is equal to unity at 
0 = 0°, leads to 


|.[ «4&-p) sin[gkco0 — p]| [ v sin(Z) 7? 
S [sec — p)] [q(kcos — p)] | E E Z | $c) 
where 
v — q(k — p) (6-31a) 
Z — q(kcos0 — p) (6-31b) 


The directivity of the array factor can be evaluated using 


AmUma Umax 
Do = T U ma: _ Uma (6-32) 
Prad Uo 


where Up is the average radiation intensity and it is given by 


Prad 1 ae 7 : 
Uo = = — U (0) sin d0 d$ 
4r 4r 0 0 
P 2 
1 U sin(Z) . 
=-|- sin 0 d0 (6-33) 
2 | sin(v) 0 Z 


By using (6-31a) and (6-31b), (6-33) can be written as 


o= 


1 | q(k — p) Vf [toten mi 
0 


2 
2 sina (k — p)] q(k cos0 — p) | sin 6 d6 (6-33a) 


To maximize the directivity, as given by (6-32), (6-33a) must be minimized. Per- 
forming the integration, (6-33a) reduces to 


EX: v Į fr  [cosQu) — 1] oi 
Uo = 2kq E E + = + 5v = zx £O? (6-34) 
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where 
v=ak—p) (6-34a) 
* sinź 
Si (z) = Fa dt (6-34b) 
0 


| E [cos(2v) — 1] 


2 3U + S; àv] (6-34c) 


m U 
gv) = ES 


The function g(v) is plotted in Figure 6.15 and its minimum value occurs when 
Nd 
cbe ue c coque -1.46 (6-35) 


Thus 
2.92 
e (ra + ) (6-36) 


which is the condition for end-fire radiation with improved directivity (Hansen- 
Woodyard condition) along 0) = 0°, as given by (6-23a). Similar procedures can be 
followed to establish (6-23b). 

Ordinarily, (6-36) is approximated by 


pl pee Nas (ka +=) (6-37) 
B NJ. N 
45r 
.50 
25- 
.00 F 
0.871 
gv) 
0.75 - 
0.50 F 
0.25 - 
| -146y, [— 
0 -0.5 -1.0 -1.5 -2.0 


Figure 6.15 Variation of g(v) (see Eq. 6-34c) as a function of v. 
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with not too much relaxation in the condition since the curve of Figure 6.15 is broad 
around the minimum point v = —1.46. Its value at v = —1.57 is almost the same as 
the minimum at v = —1.46. 

The expressions for the nulls, maxima, half-power points, minor lobe maxima, and 
beamwidths are listed in Tables 6.5 and 6.6. 

For the broadside, end-fire and scanning linear designs, there is a maximum spacing 
dmax that should not be exceeded to maintain in the amplitude pattern either one or 


TABLE 6.5 Nulls, Maxima, Half-Power Points, and 
Minor Lobe Maxima for Uniform Amplitude 
Hansen-Woodyard End-Fire Arrays 


= —1 
NULLS 0, — cos | + (1 — 2n) | 
n= 1,2,3,... 
n Z N,2N,3N,... 
— —1 A 
MAXIMA Om = cos {1 +[1—Qm+ Diaz 
m —1,2,3,... 
zd/A «1l 
HALF-POWER 6; = cos7! ( = 0.139855 
POINTS Nd 
zd/A «1l 
N large 
SÀ 
MINOR LOBE 6, = cos^! (1 = xx) 
MAXIMA Nd 
521,2,3,... 
zd/A «1l 


TABLE 6.6  Beamwidths for Uniform Amplitude 
Hansen-Woodyard End-Fire Arrays 


FIRST-NULL O0, = 2cos^! ( — zx) 
BEAMWIDTH 2dN 
(FNBW) 

HALF-POWER 9, = 2cos^! ( a 0139857) 
BEAMWIDTH Nd 
(HPBW) zd/A«1l 

N large 


A 
FIRST SIDE LOBE ©, —2cos^! ( — xi) 
BEAMWIDTH 
(FSLBW) zd/A«l 
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TABLE 6.7 Maximum Element Spacing dmax to Maintain Either One or Two Amplitude 
Maxima of a Linear Array 


Direction Element 
Array | Distribution Type of Maximum Spacing 
Linear | Uniform Broadside o = 90° only i 
A = 0°, 90°, 180° 
simultaneously 


Linear | Uniform Ordinary o = 0° only 
end-fire 8 = 180° only 
0o = 0°, 90°, 180° 
simultaneously 
Linear | Uniform Hansen- o = 0° only 
Woodyard o = 180° only 
end-fire 


Linear | Uniform Scanning Oo = Omax 
0 < 09 < 180° 

Linear | Nonuniform | Binomial 9o = 90° only 
0o = 0°, 90°, 180° 
simultaneously 

Linear | Nonuniform | Dolph- 0o = 90° only 

Tschebyscheff 

0o = 0°, 90°, 180° 
simultaneously 

Planar | Uniform Planar 6 = 0° only 
0o = 0°, 90° and 180°; 
po = 0°, 90°, 180°, 270° 
simultaneously 


two maxima. Table 6.7 lists the maximum element spacing dmax for the various linear 
and planar arrays, uniform and nonuniform, in order to maintain either one or two 
amplitude maxima. 


6.4 N-ELEMENT LINEAR ARRAY: DIRECTIVITY 


The criteria that must be met to achieve broadside and end-fire radiation by a uniform 
linear array of N elements were discussed in the previous section. It would be instruc- 
tive to investigate the directivity of each of the arrays, since it represents a figure of 
merit on the operation of the system. 
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6.4.4 Broadside Array 


As a result of the criteria for broadside radiation given by (6-18a), the array factor for 
this form of the array reduces to 


N 
1 sin (Sea cos 0) 
(AF), = > | —4——< (6-38) 
sin Ga cos 0) 
2 
which for a small spacing between the elements (d < à) can be approximated by 
(N 
sin (Za cos 0) 
(AF), > ET NEUE E (6-38a) 
—kd cos 0 
( 5 cos ) 
The radiation intensity can be written as 
N 2 
3 sin (Sea cos 0) sin(Z) 2 
CQ = KAF, =| a e Z (6-39) 
—kd cos 0 
2 
N 
Z= aha cos 0 (6-392) 


The directivity can be obtained using (6-32) where Umax of (6-39) is equal to unity 
(Umax = 1) and it occurs at 6 = 90°. The average value Up of the intensity reduces to 


1 1 f*[sin(Z)] . 
Uo = — Paa = = sin 6 d0 
0 


4x 2 Z 
N 2 
Df sin (Sea cos ) 
= ;] ——ÀX —— —— — | sin0 d0 (6-40) 
2 Jo 


N 
—kd cos 0 
5 cos 
By making a change of variable, that is, 
N 
Z= 5d cos 0 (6-402) 
N : 
dZ= d sin 0 dé (6-40b) 


(6-40) can be written as 


1 -NHP F sin Z]? 1 +Nkd/2 T sin z]? 
Uo = -S | | dZ= xul | | dZ (6-41) 
; Nkd J..Nkaya Z Nkd J_wnxaj2 Z 
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For a large array (Nkd/2 — large), (6-41) can be approximated by extending the 
limits to infinity. That is, 


1 +Nkd/2 T sin 77? 1 + [sin Z 7? 
Uy = —— dZ x — dZ 6-41 
i oa E | Z | meds | Z | SM 
Since 
+ lsin(Z) ? 
dZ-m (6-41b) 
89 Z 
(6-41a) reduces to T 
Uo > —— 6-41 
oS (6-41c) 
The directivity of (6-32) can now be written as 
Umax Nkd d 
Do = — x — =2N (2) (6-42) 
Uo T À 
Using 
L= (N — Dd (6-43) 


where L is the overall length of the array, (6-42) can be expressed as 


E O EA a ee d 6-44 
p [s (+5) (5) NNUS 


which for a large array (L >> d) reduces to 
d L\ (dN L>d L 
Do ~2N{—-—)=2(14+-—)(- + 2|— -44 
pese e e sees 


Example 6.3 
Given a linear, broadside, uniform array of 10 isotropic elements (N — 10) with a separation 
of A/A(d = X/4) between the elements, find the directivity of the array. 
Solution: Using (6-44a) 


d 
Do c 2N (2) = 5 (dimensionless) = 10 1log,)(5) = 6.99 dB 


6.4.2 Ordinary End-Fire Array 


For an end-fire array, with the maximum radiation in the 6) = 0° direction, the array 
factor is given by 

N 
sin | kaccoso — D] 
Ahel ——1 (6-45) 
N sin ELI — D| 
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which, for a small spacing between the elements (d < i), can be approximated by 


[N 
sin [Z kaccoso — D| 


(AF), > (6-45a) 


N 

| 5 dense — D| 
2 

The corresponding radiation intensity can be written as 


2 


= sin(Z) 
-|"2 | (6-46) 


sin | 5 kaccoso — D| 
= 2 
U(0) = ((AP),] = Nae UT 
5; ALCUS T — 1) 


N 
Z= 5 kd (cos 8 —1) (6-46a) 
whose maximum value is unity (Umax = 1) and it occurs at 0 = 0°. The average value 


of the radiation intensity is given by 


2 
kd(cos 0 — D] 


2 oe 
Pu sin 0 d0 d$ 
+ kd (cos — 1) 


2 


sin | racoso — D] 


1 f 
=> — C | sin0 d0 (6-47) 
N 
2 Jo —kd(cos 6 — 1) 
2 
By letting z 
Z= 7 kd (cos 8 —1) (6-47a) 
N 
dZ = ETA sin 0 dé (6-47b) 


(6-47) can be written as 


T NE | eE pa Í "M[smDY az 0 (eas 
9 Nkd Jo Z — Nkd Jo Z i 


For a large array (Nkd — large), (6-48) can be approximated by extending the 
limits to infinity. That is, 


Ge f "M[smDTY a 1 f "[snCDT 47 (6-48a) 
— isi -4óa 
T NE Jo Z Nkd Jo Z 
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Using (6-41b) reduces (6-48a) to 


IU 


x ILL -48b 
Uo ~ NKA PM 
and the directivity to 
Umax | 2Nkd d 
Dy = — x =4N |- (6-49) 
Uo H: À 


Another form of (6-49), using (6-43), is 


d L\ (d 
Do c AN (2) —4 (1 ES z) (2) (6-492) 


which for a large array (L >> d) reduces to 


d LN (dN L>d L 


It should be noted that the directivity of the end-fire array, as given by (6-49)— 
(6-49b), is twice that for the broadside array as given by (6-42)—(6-44a). 


Example 6.4 


Given a linear, end-fire, uniform array of 10 elements (N = 10) with a separation of A/A4(d = 
2/4) between the elements, find the directivity of the array factor. This array is identical to 
the broadside array of Example 6.3. 

Solution: Using (6-49) 


d 
Do ~ 4N (2) = 10 (dimensionless) = 101og;,(10) = 10 dB 


This value for the directivity (Do = 10) is approximate, based on the validity of (6-48a). 
However, it compares very favorably with the value of Do = 10.05 obtained by numerically 
integrating (6-45) using the DIRECTIVITY computer program of Chapter 2. 


6.4.3 Hansen-Woodyard End-Fire Array 


For an end-fire array with improved directivity (Hansen-Woodyard designs) and max- 
imum radiation in the 6) = 0° direction, the radiation intensity (for small spacing 
between the elements, d «& i) is given by (6-31)-(6-31b). The maximum radiation 
intensity is unity (Umax = 1), and the average radiation intensity is given by (6-34) 
where q and v are defined, respectively, by (6-292) and (6-34a). Using (6-29a), (6-34a), 
(6-35), and (6-37), the radiation intensity of (6-34) reduces to 


)Doym x 2 0.871 
= — |= — + — — 1.8515 | = —— E 
M ido) EE pa s| Nkd e 
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which can also be written as 


0.871 1342 | 


VIA 
UP NE ONE Gra) (2) 


The average value of the radiation intensity, as given by (6-50a), is 0.554 times that 
for the ordinary end-fire array of (6-48b). Thus the directivity can be expressed, using 


(6-50a), as 
Uv 1 [2Nkd d 
D = ete EA ROS aN 6-51 

SG ol x | | (2)] o) 


which is 1.805 times that of the ordinary end-fire array as given by (6-49). Using 
(6-43), (6-51) can also be written as 


Do = 1.805 | 4N E —]1.805|4[1 Lys 6-51 
jer | (2)]-* (1 2)z] TE 


which for a large array (L > d) reduces to 


a= [o (D]e impo) 
zc e» 


Example 6.5 


Given a linear, end-fire (with improved directivity) Hansen-Woodyard, uniform array of 
10 elements (NV = 10) with a separation of A/4(d = 2/4) between the elements, find the 
directivity of the array factor. This array is identical to that of Examples 6.3 (broadside) and 
6.4 (ordinary end-fire), and it is used for comparison. 

Solution: Using (6-51b) 


d 
Do = 1.805 E (2)] = 18.05 (dimensionless) = 10 1log,)(18.05) = 12.56 dB 


The value of this directivity (Do = 18.05) is 1.805 times greater than that of Example 6.4 
(ordinary end-fire) and 3.61 times greater than that found in Example 6.3 (broadside). 


Table 6.8 lists the directivities for broadside, ordinary end fire, and Hansen- 
Woodyard arrays. 


6.5 DESIGN PROCEDURE 


In the design of any antenna system, the most important design parameters are usu- 
ally the number of elements, spacing between the elements, excitation (amplitude and 
phase), half-power beamwidth, directivity, and side lobe level. In a design procedure 
some of these parameters are specified and the others are then determined. 


DESIGN PROCEDURE 319 


TABLE 6.8  Directivities for Broadside and End-Fire Arrays 


Array Directivity 
d L\d L 
BROADSIDE Do =2N{(—)=2(14+—)-22(-— 
Xr d/x Xr 
Nzd/X— o,L > d 
d L\d L i 
END-FIRE Peano) Sai cgi) PE one maximum 
A d) X A (09 = 0° or 180°) 
(ORDINARY) 
2Nad/A > œ, L >d 
d L\d | L Two maxima 
ba (5) - i 1) x^ (7) (6o = 0° and 180°) 
d L\d L 
END-FIRE Do = 1.805 | 4N | — | | = 1805|4[ 1 + —]-— | =1.805]4{ — 
(HANSEN- 2 eA ^ 
WOODYARD) 2Nad/A > w,L>d 


The parameters that are specified and those that are determined vary among designs. 
For a uniform array, other than for the Hansen-Woodyard end-fire, the side lobe is 
always approximately —13.5 dB. For the Hansen-Woodyard end-fire array the side 
lobe level is somewhat compromised above the —13.5 dB in order to gain about 1.805 
(or 2.56 dB) in directivity. The order in which the other parameters are specified and 
determined varies among designs. For each of the uniform linear arrays that have 
been discussed, equations and some graphs have been presented which can be used to 
determine the half-power beamwidth and directivity, once the number of elements and 
spacing (or the total length of the array) are specified. In fact, some of the equations 
have been boxed or listed in tables. This may be considered more of an analysis proce- 
dure. The other approach is to specify the half-power beamwidth or directivity and to 
determine most of the other parameters. This can be viewed more as a design approach, 
and can be accomplished to a large extent with equations or graphs that have been 
presented. More exact values can be obtained, if necessary, using iterative or numerical 
methods. 


Example 6.6 


Design a uniform linear scanning array whose maximum of the array factor is 30° from 
the axis of the array (69 = 30°). The desired half-power beamwidth is 2° while the spacing 
between the elements is 1/4. Determine the excitation of the elements (amplitude and phase), 
length of the array (in wavelengths), number of elements, and directivity (in dB). 

Solution: Since the desired design is a uniform linear scanning array, the amplitude 
excitation is uniform. However, the progressive phase between the elements is, using (6-21) 


2x À 3 A o 
p = —kd cos 0o = ES (3) cos(30 ) = —1.36 radians = —77.94 
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The length of the array is obtained using an iterative procedure of (6-22) or its graphical 
solution of Figure 6.12. Using the graph of Figure 6.12 for a scan angle of 30° and 2° 
half-power beamwidth, the approximate length plus one spacing (L + d) of the array is 50). 
For the 50A length plus one spacing dimension from Figure 6.12 and 30° scan angle, (6-22) 
leads to a half-power beamwidth of 2.03^, which is very close to the desired value of 2°. 
Therefore, the length of the array for a spacing of 2/4 is 49.754. 

Since the length of the array is 49.754 and the spacing between the elements is 1/4, the 
total number of elements is 


Jt, L 
N22 (525) = 2 o2 
d d 1/4 


The directivity of the array is obtained using the radiation intensity and the computer program 
DIRECTIVITY of Chapter 2, and it is equal to 100.72 or 20.03 dB. 


6.6 N-ELEMENT LINEAR ARRAY: THREE-DIMENSIONAL 
CHARACTERISTICS 


Up to now, the two-dimensional array factor of an N-element linear array has been 
investigated. Although in practice only two-dimensional patterns can be measured, a 
collection of them can be used to reconstruct the three-dimensional characteristics of 
an array. It would then be instructive to examine the three-dimensional patterns of an 
array of elements. Emphasis will be placed on the array factor. 


6.6.1 N-Elements Along Z-Axis 


A linear array of N isotropic elements are positioned along the z-axis and are separated 
by a distance d, as shown in Figure 6.5(a). The amplitude excitation of each element is 
an and there exists a progressive phase excitation 6 between the elements. For far-field 
observations, the array factor can be written according to (6-6) as 


N N 
Ag Y aue er) - Y ae 07 (6-52) 


nali n-l 


y — kd cosy + p (6-52a) 


where the a,,’s are the amplitude excitation coefficients and y is the angle between the 
axis of the array (z-axis) and the radial vector from the origin to the observation point. 

In general, the angle y can be obtained from the dot product of a unit vector along 
the axis of the array with a unit vector directed toward the observation point. For the 
geometry of Figure 6.5(a) 


- â, = 4, - (a, sin0 cos o + â, sin 0 sing + à; cos 0) = cos0 > y —0 

(6-53) 
Thus (6-52) along with (6-53) is identical to (6-6), because the system of Figure 6.5(a) 
possesses a symmetry around the z-axis (no $ variations). This is not the case when 
the elements are placed along any of the other axes, as will be shown next. 
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| 
| 
i N 


Figure 6.16 Linear array of N isotropic elements positioned along the x-axis. 


6.6.2 N-Elements Along X- or Y-Axis 


To demonstrate the simplicity that a judicious coordinate system and geometry can pro- 
vide in the solution of a problem, let us consider an array of N isotropic elements along 
the x-axis, as shown in Figure 6.16. The far-zone array factor for this array is identical 
in form to that of Figure 6.5(a) except for the phase factor y. For this geometry 


COS y = a, - à, = A, - (â, sin 0 cos ¢@ + â, sin 0 sing + â, cos0) = sin 0 cos@ (6-54) 
COS y = sin cos ọ © y = cos"! (sin 0 cos $) (6-54a) 


The array factor of this array is also given by (6-52) but with y defined by (6-54a). 
For this system, the array factor is a function of both angles (0 and @). 

In a similar manner, the array factor for N isotropic elements placed along the 
y-axis is that of (6-52) but with y defined by 


cosy = 4-4, = sin 0 sin ọ > y = cos"! (sin 0 sin $) (6-55) 


Physically placing the elements along the z-, x-, or y-axis does not change the 
characteristics of the array. Numerically they yield identical patterns even though their 
mathematical forms are different. 
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Example 6.7 


Two half-wavelength dipole (J = 4/2) are positioned along the x-axis and are separated by 
a distance d, as shown in Figure 6.17. The lengths of the dipoles are parallel to the z-axis. 
Find the total field of the array. Assume uniform amplitude excitation and a progressive 
phase difference of 6. 

Solution: The field pattern of a single element placed at the origin is given by (4-84) as 


Ige-j* | COS e cos 6) 
by S jf. E 
ae T sind 
Using (6-52), (6-54a), and (6-10c), the array factor can be written as 
sin(kd sin 0 cos $ + p) 


(AF), = — 
2sin EZ sin 0 cos $ + 2] 


The total field of the array is then given, using the pattern multiplication rule of (6-5), by 


T 
[ge i COS e cos e) sin(kd sin 0 cos $ + £) 


E DOE RE sind 1 
2sin Ea sin Ó cos $ + p)| 


To illustrate the techniques, the three-dimensional patterns of the two-element array 
of Example 6.7 have been sketched in Figures 6.17(a) and (b). For both, the element 
separation is A/2(d = 4/2). For the pattern of Figure 6.17(a), the phase excitation 
between the elements is identical (f = 0). In addition to the nulls in the 0 = 0° direc- 
tion, provided by the individual elements of the array, there are additional nulls along 
the x-axis (0 = x/2, $ = 0 and ¢ = 7) provided by the formation of the array. The 
180^ phase difference required to form the nulls along the x-axis is a result of the 
separation of the elements [kd = (27/A)(A/2) = 7]. 

To form a comparison, the three-dimensional pattern of the same array but with a 
180° phase excitation (8 = 180°) between the elements is sketched in Figure 6.17(b). 
The overall pattern of this array is quite different from that shown in Figure 6.17(a). 
In addition to the nulls along the z-axis (0 = 0°) provided by the individual elements, 
there are nulls along the y-axis formed by the 180° excitation phase difference. 


6.7 RECTANGULAR-TO-POLAR GRAPHICAL SOLUTION 
In antenna theory, many solutions are of the form 


fE) = f(C cosy + 8) (6-56) 
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(b) B=+ 180° 


Figure 6.17  Three-dimensional patterns for two 4/2 dipoles spaced 4/2. (source: P. Lorrain 


and D. R. Corson, Electromagnetic Fields and Waves, 2nd ed., W. H. Freeman and Co., Copyright 
© 1970). 


where C and 6 are constants and y is a variable. For example, the approximate array 
factor of an N-element, uniform amplitude linear array [Equation (6-10d)] is that of a 
sin(¢)/¢ form with 


N N 
£ =C cosy +d = wb = > (kd cose + p) (6-57) 
where 
N 
C= aka (6-57a) 
N 
ô = — (6-57b) 
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Usually the f(¢) function can be sketched as a function of ¢ in rectilinear coordi- 
nates. Since ¢ in (6-57) has no physical analog, in many instances it is desired that a 
graphical representation of | f(¢)| be obtained as a function of the physically observ- 
able angle 0. This can be constructed graphically from the rectilinear graph, and it 
forms a polar plot. 

The procedure that must be followed in the construction of the polar graph is 
as follows: 


1. Plot, using rectilinear coordinates, the function | f ()]. 
2. a. Draw a circle with radius C and with its center on the abscissa at ¢ = ô. 
b. Draw vertical lines to the abscissa so that they will intersect the circle. 
c. From the center of the circle, draw radial lines through the points on the circle 
intersected by the vertical lines. 
d. Along the radial lines, mark off corresponding magnitudes from the lin- 
ear plot. 


Ie 


. Connect all points to form a continuous graph. 


To better illustrate the procedure, the polar graph of the function 


. (N 
E 35" 5x 5x 
— Vs = 5 cosb 
N sin (5) 


has been constructed in Figure 6.18. The function f(¢) of (6-58) represents the array 
factor of a 10-element (N = 10) uniform linear array with a spacing of 4/4(d = 
4/4) and progressive phase shift of —7/4(B = —z/4) between the elements. The 
constructed graph can be compared with its exact form shown in Figure 6.11. 

From the construction of Figure 6.18, it is evident that the angle at which the 
maximum is directed is controlled by the radius of the circle C and the variable ô. For 
the array factor of Figure 6.18, the radius C is a function of the number of elements 
(N) and the spacing between the elements (d). In turn, 6 is a function of the number of 
elements (N) and the progressive phase shift between the elements (8). Making ô = 0 
directs the maximum toward 6 = 90° (broadside array). The part of the linear graph 
that is used to construct the polar plot is determined by the radius of the circle and the 
relative position of its center along the abscissa. The usable part of the linear graph is 
referred to as the visible region and the remaining part as the invisible region. Only 
the visible region of the linear graph is related to the physically observable angle 0 
(hence its name). 


fE) = (6-58) 


6.8 N-ELEMENT LINEAR ARRAY: UNIFORM SPACING, 
NONUNIFORM AMPLITUDE 


The theory to analyze linear arrays with uniform spacing, uniform amplitude, and a 
progressive phase between the elements was introduced in the previous sections of 
this chapter. A number of numerical and graphical solutions were used to illustrate 
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Figure 6.18 Rectangular-to-polar plot graphical solution. 


some of the principles. In this section, broadside arrays with uniform spacing but 
nonuniform amplitude distribution will be considered. Most of the discussion will 
be directed toward binomial [6] and Dolph-Tschebyscheff [7] broadside arrays (also 
spelled Tchebyscheff or Chebyshev). 

Of the three distributions (uniform, binomial, and Tschebyscheff), a uniform ampli- 
tude array yields the smallest half-power beamwidth. It is followed, in order, by the 
Dolph-Tschebyscheff and binomial arrays. In contrast, binomial arrays usually pos- 
sess the smallest side lobes followed, in order, by the Dolph-Tschebyscheff and uniform 
arrays. As a matter of fact, binomial arrays with element spacing equal or less than 
A/2 have no side lobes. It is apparent that the designer must compromise between side 
lobe level and beamwidth. 

A criterion that can be used to judge the relative beamwidth and side lobe level 
of one design to another is the amplitude distribution (tapering) along the source. It 
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has been shown analytically that for a given side lobe level the Dolph-Tschebyscheff 
array produces the smallest beamwidth between the first nulls. Conversely, for a given 
beamwidth between the first nulls, the Dolph-Tschebyscheff design leads to the smallest 
possible side lobe level. 

Uniform arrays usually possess the largest directivity. However, superdirective (or 
super gain as most people refer to them) antennas possess directivities higher than those 
of a uniform array [8]. Although a certain amount of superdirectivity is practically 
possible, superdirective arrays usually require very large currents with opposite phases 
between adjacent elements. Thus the net total current and efficiency of each array are 
very small compared to the corresponding values of an individual element. 

Before introducing design methods for specific nonuniform amplitude distributions, 
let us first derive the array factor. 


6.8.1 Array Factor 


An array of an even number of isotropic elements 2M (where M is an integer) is 
positioned symmetrically along the z-axis, as shown in Figure 6.19(a). The separation 
between the elements is d, and M elements are placed on each side of the origin. 
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Figure 6.19 Nonuniform amplitude arrays of even and odd number of elements. 
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Assuming that the amplitude excitation is symmetrical about the origin, the array 
factor for a nonuniform amplitude broadside array can be written as 


(AF) = age ese + apeti O/Dkd cos SS 


+ aye 1GM-D/2kd cose 


+ ape 0/4 e088 | S7 jG/Dkdeos0 4 


+ aye 71QM-D/2kd cose 


4 Qn — 1) 
AF 32 P —— —— kd 0 6-59 
(AP)oy 2s cos | 2 cos | ( ) 
which in normalized form reduces to 
M 
(2n — 1) 

AF = " — —— kd 0 6-59 
(AF)m Xa zl 5 cos | ( a) 


n=1 


where a,,’s are the excitation coefficients of the array elements. 
If the total number of isotropic elements of the array is odd 2M + 1 (where M is 
an integer), as shown in Figure 6.19(b), the array factor can be written as 


= Za age az3e awe a e 
AF TN 2 idus "tjkdcos0 y, 3 J2kdcos0 jy. + M41 jMkd cos8 


Es age the ose 4 aye Tes? TEE aussie Mic? 
M41 
(AP)y41 = 2 »: a, cos[(n — 1)kd cos6] (6-60) 
n=l 
which in normalized form reduces to 


M+1 
(AF)m+1 = È an cos[(n — 1)kd cos 6] (6-60a) 


n=1 


The amplitude excitation of the center element is 2a,. 
Equations (6-59a) and (6-60a) can be written in normalized form as 


M 
(AF); (even) = Y ^a, cos[Qn — 1)u] (6-61a) 
n=1 
M+1 
(AF); (odd) = 5 ^ a, cos[2(n — Du] (6-61b) 
n=1 
where 
zd 
u = E cos Ó (6-61c) 


The next step will be to determine the values of the excitation coefficients (as). 
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6.8.2 Binomial Array 


The array factor for the binomial array is represented by (6-61a)—(6-61c) where the 
a,’S are the excitation coefficients which will now be derived. 


A. Excitation Coefficients 
To determine the excitation coefficients of a binomial array, J. S. Stone [6] suggested 
that the function (1 + x)"-^! be written in a series, using the binomial expansion, as 


(taht ait m Da P DO 9a 


2! 
ES oe Iba. (6-62) 
The positive coefficients of the series expansion for different values of m are 
m-—i 1 
m=2 1 1 
m —3 1 2 1 
m=4 1 3 3 1 
m=5 1 4 6 4 1 
m=6 1 5 10 10 5 1 
m=7 1 6 15 20 15 6 1 
m=8 1 T 21 35 35 21 7 1 
m=9 1 8 28 56 70 56 28 8 1 
m=10 1 9 36 84 126 126 84 36 9 1 
(6-63) 


The above represents Pascal’s triangle. If the values of m are used to represent the 
number of elements of the array, then the coefficients of the expansion represent the rel- 
ative amplitudes of the elements. Since the coefficients are determined from a binomial 
series expansion, the array is known as a binomial array. 

Referring to (6-61a), (6-61b), and (6-63), the amplitude coefficients for the following 
arrays are: 


1. Two elements (2M = 2) 
a, = 1 
2. Three elements (2M + 1 = 3) 


2a, =2 >a =1 


an = 1 
3. Four elements (2M = 4) 


a, =3 


a, = 1 
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4. Five elements (2M + 1 = 5) 


2a; — 675a, —3 
a = 4 


a3 = 1 
The coefficients for other arrays can be determined in a similar manner. 


B. Design Procedure 

One of the objectives of any method is its use in a design. For the binomial method, 
as for any other nonuniform array method, one of the requirements is the amplitude 
excitation coefficients for a given number of elements. This can be accomplished 
using either (6-62) or the Pascal triangle of (6-63) or extensions of it. Other figures of 
merit are the directivity, half-power beamwidth and side lobe level. It already has been 
stated that binomial arrays do not exhibit any minor lobes provided the spacing between 
the elements is equal or less than one-half of a wavelength. Unfortunately, closed- 
form expressions for the directivity and half-power beamwidth for binomial arrays 
of any spacing between the elements are not available. However, because the design 
using a A/2 spacing leads to a pattern with no minor lobes, approximate closed-form 
expressions for the half-power beamwidth and maximum directivity for the d = A/2 
spacing only have been derived [9] in terms of the numbers of elements or the length 
of the array, and they are given, respectively, by 


HPBW(d = 4/2) ~ A = AA = a (6-64) 
Í [cos (5 cos e)] sin 0 d0 
2N —2)(2N — 4)-..2 
o= aooo (6-65a) 
Do z 1.71VN = 1.77/14 2L/A (6-65b) 


These expressions can be used effectively to design binomial arrays with a desired half- 
power beamwidth or directivity. The value of the directivity as obtained using (6-65) 
to (6-65b) can be compared with the value using the array factor and the computer 
program DIRECTIVITY of Chapter 2. 

To illustrate the method, the patterns of a 10-element binomial array (2M = 10) 
with spacings between the elements of 4/4, à/2, 34/4, and A, respectively, have been 
plotted in Figure 6.20. The patterns are plotted using (6-61a) and (6-61c) with the coef- 
ficients of a, = 126, a» = 84, a4 = 36, a4 = 9, and as = 1. It is observed that there 
are no minor lobes for the arrays with spacings of 4/4 and 4/2 between the elements. 
While binomial arrays have very low level minor lobes, they exhibit larger beamwidths 
(compared to uniform and Dolph-Tschebyscheff designs). A major practical disadvan- 
tage of binomial arrays is the wide variations between the amplitudes of the different 
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Figure 6.20 Array factor power patterns for a 10-element broadside binomial array with 
N = 10 and d = 4/4, 4/2, 34/4, and i. 


elements of an array, especially for an array with a large number of elements. This 
leads to very low efficiencies for the feed network, and it makes the method not very 
desirable in practice. For example, the relative amplitude coefficient of the end ele- 
ments of a 10-element array is 1 while that of the center element is 126. Practically, 
it would be difficult to obtain and maintain such large amplitude variations among 
the elements. They would also lead to very inefficient antenna systems. Because the 
magnitude distribution is monotonically decreasing from the center toward the edges 
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and the magnitude of the extreme elements is negligible compared to those toward the 
center, a very low side lobe level is expected. 

Table 6.7 lists the maximum element spacing dmax for the various linear and pla- 
nar arrays, including binomial arrays, in order to maintain either one or two ampli- 
tude maxima. 


Example 6.8 


For a 10-element binomial array with a spacing of A/2 between the elements, whose 
amplitude pattern is displayed in Figure 6.20, determine the half-power beamwidth (in 
degrees) and the maximum directivity (in dB). Compare the answers with other avail- 
able data. 

Solution: Using (6-64), the half-power beamwidth is equal to 


1. 1. 
HPBW ~ Bees = Toc — 0.353 radians — 20.23* 


/10— 1 3 


The value obtained using the array factor, whose pattern is shown in Figure 6.20, is 20.5? 
which compares well with the approximate value. 
Using (6-65a), the value of the directivity is equal for N = 10 
Do = 5.392 = 7.32 dB 


while the value obtained using (6-65b) is 


Do = 1.77V 10 = 5.597 = 7.48 dB 


The value obtained using the array factor and the computer program DIRECTIVITY is 
Do = 5.392 = 7.32 dB. These values compare favorably with each other. 


6.8.3 Dolph-Tschebyscheff Array 


Another array, with many practical applications, is the Dolph-Tschebyscheff array. The 
method was originally introduced by Dolph [7] and investigated afterward by others 
[10]-[13]. It is primarily a compromise between uniform and binomial arrays. Its exci- 
tation coefficients are related to Tschebyscheff polynomials. A Dolph-Tschebyscheff 
array with no side lobes (or side lobes of —co dB) reduces to the binomial design. 
The excitation coefficients for this case, as obtained by both methods, would be 
identical. 


A. Array Factor 

Referring to (6-61a) and (6-61b), the array factor of an array of even or odd number 
of elements with symmetric amplitude excitation is nothing more than a summation of 
M or M +1 cosine terms. The largest harmonic of the cosine terms is one less than 
the total number of elements of the array. Each cosine term, whose argument is an 
integer times a fundamental frequency, can be rewritten as a series of cosine functions 
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with the fundamental frequency as the argument. That is, 
m=0 cos(mu) = 1 


m=1_ cos(mu) = cosu 
=2 cos(mu) = cos(2u) = 2cos*u — 1 


m —3 cos(mu) = cos(3u) = 4cos? u — 3 cos u 

m —4 cos(mu) = cos(4u) = 8cos^u — 8 cos? u + 1 

m —5 cos(mu) = cos(5u) = l6cos? u — 20 cos? u + 5cosu 

m —6 cos(mu) = cos(6u) = 32cos$ u — 48 cost u + 18 cos? u — 1 

m=7 cos(mu) = cos(7u) = 64cos! u — 112cos? u + 56 cos? u — 7 cos u 
m —8 cos(mu) = cos(8u) = 128 cos? u — 256 cos? u + 160 cost u 


—32cos?u-41 
m —9 cos(mu) = cos(9u) = 256 cos? u — 576 cos” u + 432 cos? u 
— 120 cos? u + 9 cos u 


The above are obtained by the use of Euler’s formula 
[e/"]" = (cosu + j sinu)" = e/"" = cos(mu) + j sin(mu) 
and the trigonometric identity sin? u = 1 — cos? u. 
If we let 
z = cosu 
(6-66) can be written as 
m —0 cos(mu)- 1 = To(z) 


m-1 cos(mu) = z = Tı (2) 
m=2_cos(mu) = 2z — 1 = T(z) 


m —3 cos(mu) = 4z? — 3z = T3(z) 

m —4 cos(mu) = 8z* — 8z? + 1 = Ti(z) 

m=5 cos(mu) = 162? — 20z? + 5z = T5(z) 

m —6 cos(mu) = 322° — 48z^ + 18z? — 1 = T(z) 

m= cos(mu) = 64z! — 1122? + 562? — 7z = T7(z) 

m —8 cos(mu) = 128z5 — 256z5 + 160z* — 322? + 1 = Tg (z) 


m —9 cos(mu) = 256z? — 576z! + 4322 — 1202? + 9z = To(z) 


(6-66) 


(6-67) 


(6-68) 


(6-69) 


and each is related to a Tschebyscheff (Chebyshev) polynomial 7;,(z). These relations 
between the cosine functions and the Tschebyscheff polynomials are valid only in 
the —1 < z < +1 range. Because | cos(mu)| < 1, each Tschebyscheff polynomial is 
[T5 (z)| € 1 for —1 < z < +1. For |z| > 1, the Tschebyscheff polynomials are related 


to the hyperbolic cosine functions. 
The recursion formula for Tschebyscheff polynomials is 


Tin (Z) = 2zTm-1 (2) — Tn—2(Z) 


(6-70) 
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It can be used to find one Tschebyscheff polynomial if the polynomials of the previous 
two orders are known. Each polynomial can also be computed using 


Tm(Z) = cos[m cos! (z)] —]1zzz-l (6-71a) 


Tm(Z) = cosh[mcosh7!(z)]' z< —1,z > +1 (6-71b) 


In Figure 6.21 the first six Tschebyscheff polynomials have been plotted. The following 
properties of the polynomials are of interest: 


1. All polynomials, of any order, pass through the point (1, 1). 
2. Within the range —1 < z < 1, the polynomials have values within —1 to +1. 


3. All roots occur within —1 < z < 1, and all maxima and minima have values of 
+1 and —1, respectively. 


Since the array factor of an even or odd number of elements is a summation of 
cosine terms whose form is the same as the Tschebyscheff polynomials, the unknown 
coefficients of the array factor can be determined by equating the series representing the 
cosine terms of the array factor to the appropriate Tschebyscheff polynomial. The order 
of the polynomial should be one less than the total number of elements of the array. 

The design procedure will be outlined first, and it will be illustrated with an example. 
In outlining the procedure, it will be assumed that the number of elements, spacing 
between the elements, and ratio of major-to-minor lobe intensity (Ro) are known. The 
requirements will be to determine the excitation coefficients and the array factor of a 
Dolph-Tschebyscheff array. 


B. Array Design 


Statement. Design a broadside Dolph-Tschebyscheff array of 2M or 2M + 1 elements 
with spacing d between the elements. The side lobes are Ro dB below the maximum 
of the major lobe. Find the excitation coefficients and form the array factor. 


Procedure 


a. Select the appropriate array factor as given by (6-6la) or (6-61b). 

b. Expand the array factor. Replace each cos(mu) function (m = 0, 1, 2, 3, ...) by 
its appropriate series expansion found in (6-66). 

c. Determine the point z = zg such that T,,(zo) = Ro (voltage ratio). The order 
m of the Tschebyscheff polynomial is always one less than the total number of 
elements. The design procedure requires that the Tschebyscheff polynomial in 
the —1 € z < zi, where z, is the null nearest to z = +1, be used to represent 
the minor lobes of the array. The major lobe of the pattern is formed from the 
remaining part of the polynomial up to point zo(z; < z < zo). 

d. Substitute 


cos(u) es (6-72) 
Zo 


tx = cosh™! (y) = In[y + G? — 12] 
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Antenna Synthesis and Continuous Sources 


7.1 INTRODUCTION 


Thus far in the book we have concentrated primarily on the analysis and design of 
antennas. In the analysis problem an antenna model is chosen, and it is analyzed 
for its radiation characteristics (pattern, directivity, impedance, beamwidth, efficiency, 
polarization, and bandwidth). This is usually accomplished by initially specifying the 
current distribution of the antenna, and then analyzing it using standard procedures. If 
the antenna current is not known, it can usually be determined from integral equation 
formulations. Numerical techniques, such as the Moment Method of Chapter 8, can be 
used to numerically solve the integral equations. 

In practice, it is often necessary to design an antenna system that will yield desired 
radiation characteristics. For example, a very common request is to design an antenna 
whose far-field pattern possesses nulls in certain directions. Other common requests 
are for the pattern to exhibit a desired distribution, narrow beamwidth and low side- 
lobes, decaying minor lobes, and so forth. The task, in general, is to find not only the 
antenna configuration but also its geometrical dimensions and excitation distribution. 
The designed system should yield, either exactly or approximately, an acceptable radi- 
ation pattern, and it should satisfy other system constraints. This method of design is 
usually referred to as synthesis. Although synthesis, in its broadest definition, usually 
refers to antenna pattern synthesis, it is often used interchangeably with design. Since 
design methods have been outlined and illustrated previously, as in Chapter 6, in this 
chapter we want to introduce and illustrate antenna pattern synthesis methods. 

Antenna pattern synthesis usually requires that first an approximate analytical model 
is chosen to represent, either exactly or approximately, the desired pattern. The second 
step is to match the analytical model to a physical antenna model. Generally speaking, 
antenna pattern synthesis can be classified into three categories. One group requires 
that the antenna patterns possess nulls in desired directions. The method introduced 
by Schelkunoff [1] can be used to accomplish this; it will be discussed in Section 7.3. 
Another category requires that the patterns exhibit a desired distribution in the entire 
visible region. This is referred to as beam shaping, and it can be accomplished using 
the Fourier transform [2] and the Woodward-Lawson [3], [4] methods. They will be 
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discussed and illustrated in Sections 7.4 and 7.5, respectively. A third group includes 
techniques that produce patterns with narrow beams and low sidelobes. Some meth- 
ods that accomplish this have already been discussed; namely the binomial method 
(Section 6.8.2) and the Dolph-Tschebyscheff method (also spelled Tchebyscheff or 
Chebyshev) of Section 6.8.3. Other techniques that belong to this family are the Tay- 
lor line-source (Tschebyscheff-error) [5] and the Taylor line-source (one parameter) [6]. 
They will be outlined and illustrated in Sections 7.6 and 7.7, respectively. 

The synthesis methods will be utilized to design line-sources and linear arrays whose 
space factors [as defined by (4-58a)] and array factors [as defined by (6-52)] will yield 
desired far-field radiation patterns. The total pattern is formed by multiplying the space 
factor (or array factor) by the element factor (or element pattern) as dictated by (4-59) 
[or (6-5)]. For very narrow beam patterns, the total pattern is nearly the same as the 
space factor or array factor. This is demonstrated by the dipole antenna (l « i) of 
Figure 4.3 whose element factor, as given by (4-58a), is sin@; for values of 6 near 
90? (8 ~ 90°), sind > 1. 

The synthesis techniques will be followed with a brief discussion of some very 
popular line-source distributions (triangular, cosine, cosine-squared) and continuous 
aperture distributions (rectangular and circular). 


7.2 CONTINUOUS SOURCES 


Very long (in terms of a wavelength) arrays of discrete elements usually are more 
difficult to implement, more costly, and have narrower bandwidths. For such applica- 
tions, antennas with continuous distributions would be convenient to use. A very long 
wire and a large reflector represent, respectively, antennas with continuous line and 
aperture distributions. Continuous distribution antennas usually have larger sidelobes, 
are more difficult to scan, and in general, they are not as versatile as arrays of discrete 
elements. The characteristics of continuously distributed sources can be approximated 
by discrete-element arrays, and vice-versa, and their development follows and parallels 
that of discrete-element arrays. 


7.2.1 Line-Source 


Continuous line-source distributions are functions of only one coordinate, and they can 
be used to approximate linear arrays of discrete elements and vice-versa. 

The array factor of a discrete-element array, placed along the z-axis, is given by 
(6-52) and (6-52a). As the number of elements increases in a fixed-length array, the 
source approaches a continuous distribution. In the limit, the array factor summation 
reduces to an integral. For a continuous distribution, the factor that corresponds to the 
array factor is known as the space factor. For a line-source distribution of length / 
placed symmetrically along the z-axis as shown in Figure 7.1(a), the space factor (SF) 
is given by 


-HJ/2 ues i 
SF(0) = he I, (z))e) cos 0--$, (z^)] dz! (1-1) 


where /,,(z’) and ¢,(z’) represent, respectively, the amplitude and phase distributions 
along the source. For a uniform phase distribution $, (z^) = 0. 
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Figure 7.1 Continuous and discrete linear sources. 


Equation (7-1) is a finite one-dimensional Fourier transform relating the far-field 
pattern of the source to its excitation distribution. Two-dimensional Fourier transforms 
are used to represent the space factors for two-dimensional source distributions. These 
relations are results of the angular spectrum concept for plane waves, introduced first 
by Booker and Clemmow [2], and it relates the angular spectrum of a wave to the 
excitation distribution of the source. 

For a continuous source distribution, the total field is given by the product of 
the element and space factors as defined in (4-59). This is analogous to the pattern 
multiplication of (6-5) for arrays. The type of current and its direction of flow on a 
source determine the element factor. For a finite length linear dipole, for example, the 
total field of (4-58a) is obtained by summing the contributions of small infinitesimal 
elements which are used to represent the entire dipole. In the limit, as the infinitesimal 
lengths become very small, the summation reduces to an integration. In (4-58a), the 
factor outside the brackets is the element factor and the one within the brackets is the 
space factor and corresponds to (7-1). 


7.2.2 Discretization of Continuous Sources 


The radiation characteristics of continuous sources can be approximated by discrete- 
element arrays, and vice-versa. This is illustrated in Figure 7.1(b) whereby discrete 
elements, with a spacing d between them, are placed along the length of the contin- 
uous source. Smaller spacings between the elements yield better approximations, and 
they can even capture the fine details of the continuous distribution radiation char- 
acteristics. For example, the continuous line-source distribution J,,(z’) of (7-1) can 
be approximated by a discrete-element array whose element excitation coefficients, at 
the specified element positions within —//2 < z' x 1/2, are determined by the sam- 
pling of 7, (z/)e/9»?, The radiation pattern of the digitized discrete-element array will 
approximate the pattern of the continuous source. 
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The technique can be used for the discretization of any continuous distribution. 
The accuracy increases as the element spacing decreases; in the limit, the two pat- 
terns will be identical. For large element spacing, the patterns of the two anten- 
nas will not match well. To avoid this, another method known as root-matching 
can be used [7]. Instead of sampling the continuous current distribution to deter- 
mine the element excitation coefficients, the root-matching method requires that the 
nulls of the continuous distribution pattern also appear in the initial pattern of the 
discrete-element array. If the synthesized pattern using this method still does not 
yield (within an acceptable accuracy) the desired pattern, a perturbation technique [7] 
can then be applied to the distribution of the discrete-element array to improve its 
accuracy. 


7.3 SCHELKUNOFF POLYNOMIAL METHOD 


A method that is conducive to the synthesis of arrays whose patterns possess nulls in 
desired directions is that introduced by Schelkunoff [1]. To complete the design, this 
method requires information on the number of nulls and their locations. The number of 
elements and their excitation coefficients are then derived. The analytical formulation 
of the technique follows. 

Referring to Figure 6.5(a), the array factor for an N-element, equally spaced, nonuni- 
form amplitude, and progressive phase excitation is given by (6-52) as 


N N 
AF = Y ane" Dd cosO+B) _ Y a,e D (7-2) 


n=1 n=1 


where a, accounts for the nonuniform amplitude excitation of each element. The spac- 
ing between the elements is d and f is the progressive phase shift. 
Letting 
z—x4 jy = et” = gldcost*) (7-3) 


we can rewrite (7-2) as 
N 
AF = az = ai + az + asz? ++ H ayz”! (7-4) 
n=1 


which is a polynomial of degree (N — 1). From the mathematics of complex variables 
and algebra, any polynomial of degree (N — 1) has (N — 1) roots and can be expressed 
as a product of (N — 1) linear terms. Thus we can write (7-4) as 


AF = a,(z — 21) (Z — z2)(x — 23) ++ (Zz — Zn-1) (7-5) 


where Z1, Z2, Z3. ..., zw, are the roots, which may be complex, of the polynomial. 
The magnitude of (7-5) can be expressed as 


|AF| = lasllz — zillz — zallz — zal: |z — zw-il (7-6) 
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Some very interesting observations can be drawn from (7-6) which can be used judi- 
ciously for the analysis and synthesis of arrays. Before tackling that phase of the 
problem, let us first return and examine the properties of (7-3). 

The complex variable z of (7-3) can be written in another form as 


z= |zle'" 2 |z| ZW — 12v (7-7) 


2 
V — kd cos 0 + B = © dcosó + p (7-7a) 


It is clear that for any value of d,0, or B the magnitude of z lies always on a unit 
circle; however its phase depends upon d, 6, and f. For f = 0, we have plotted in 
Figures 7-2(a)-(d) the value of z, magnitude and phase, as 0 takes values of 0 to z 
rad. It is observed that for d = 4/8 the values of z, for all the physically observable 


(a) d= 8.8 =0 (b) d= /4,8 =0 
y = 4 cos y =F cosé 


(d) d = 344,8 =0 


(c) d= X/2,8B-70 3 


y = mcos y= 2T cos6 


Figure 7.2 Visible Region (VR) and /nvisible Region (IR) boundaries for complex variable 
z when f = 0. 
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angles of 0, only exist over the part of the circle shown in Figure 7.2(a). Any values 
of z outside that arc are not realizable by any physical observation angle 0 for the 
spacing d = 4/8. We refer to the realizable part of the circle as the visible region and 
the remaining as the invisible region. In Figure 7.2(a) we also observe the path of the 
z values as 6 changes from 0° to 180°. 

In Figures 7.2(b)—(d) we have plotted the values of z when the spacing between the 
elements is 4/4, 4/2, and 34/4. It is obvious that the visible region can be extended 
by increasing the spacing between the elements. It requires a spacing of at least 1/2 
to encompass, at least once, the entire circle. Any spacing greater than A/2 leads to 
multiple values for z. In Figure 7.2(d) we have double values for z for half of the 
circle when d — 34/4. 

To demonstrate the versatility of the arrays, in Figures 7.3(a)—(d) we have plotted 
the values of z for the same spacings as in Figure 7.2(a)- (d) but with a 8 — x/4. A 


(a) d= 2/8, B = 1/4 (b) d = 4,8 = 1/4 
y =F cosd T y 75 co6 +3 


(c) d = X2, B = 7/4 (d) d = 3M/4, B = 7/4 

y = Tcos0 + 7 v= S cosa + T 

Figure 7.3 Visible Region (VR) and /nvisible Region (IR) boundaries for complex variable 
z when B = 77/4. 
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comparison between the corresponding figures indicates that the overall visible region 
for each spacing has not changed but its relative position on the unit circle has rotated 
counterclockwise by an amount equal to £. 

We can conclude then that the overall extent of the visible region can be controlled 
by the spacing between the elements and its relative position on the unit circle by the 
progressive phase excitation of the elements. These two can be used effectively in the 
design of the array factors. 

Now let us return to (7-6). The magnitude of the array factor, its form as shown 
in (7-6), has a geometrical interpretation. For a given value of z in the visible region 
of the unit circle, corresponding to a value of 0 as determined by (7-3), |AF| is 
proportional to the product of the distances between z and Z), Z2, 23, ..., zw 1, the 
roots of AF. In addition, apart from a constant, the phase of AF is equal to the sum 
of the phases between z and each of the zeros (roots). This is best demonstrated 
geometrically in Figure 7.4(a). If all the roots zi, zo, z3,..., Zv—1 are located in the 
visible region of the unit circle, then each one corresponds to a null in the pattern 
of |AF| because as 0 changes z changes and eventually passes through each of the 
Zn S. When it does, the length between z and that z, is zero and (7-6) vanishes. 
When all the zeros (roots) are not in the visible region of the unit circle, but some 
lie outside it and/or any other point not on the unit circle, then only those zeros 
on the visible region will contribute to the nulls of the pattern. This is shown geo- 
metrically in Figure 7.4(b). If no zeros exist in the visible region of the unit circle, 
then that particular array factor has no nulls for any value of 6. However, if a given 
zero lies on the unit circle but not in its visible region, that zero can be included in 
the pattern by changing the phase excitation 6 so that the visible region is rotated 
until it encompasses that root. Doing this, and not changing d, may exclude some 
other zero(s). 

To demonstrate all the principles, we will consider an example along with some 
computations. 


(a) Roots of array factor (b) Roots of array factor on unit circle 
and within visible region 


Figure 7.4 Array factor roots within and outside unit circle, and visible and invisible regions. 
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Example 7.1 


Design a linear array with a spacing between the elements of d = à /4 such that it has zeros 
at 0 = 0°, 90°, and 180°. Determine the number of elements, their excitation, and plot the 
derived pattern. Use Schelkunoff’s method. 

Solution: For a spacing of 4/4 between the elements and a phase shift 6 = 0°, the visible 
region is shown in Figure 7.2(b). If the desired zeros of the array factor must occur at 
0 = 0?,90^, and 180°, then these correspond to z= j, 1, —j on the unit circle. Thus a 
normalized form of the array factor is given by 


AFP — (z —z)(G —z3)(z—2z3a)— (z—J)( — 1) -4-J) 
AR—-g-—z2-z—1 


| 
Zz 


Figure 7.5 Amplitude radiation pattern of a four-element array of isotropic sources with a 
spacing of 4/4 between them, zero degrees progressive phase shift, and zeros at 0 = 0°, 90°, 
and 180°. 
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Referring to (7-4), the above array factor and the desired radiation characteristics can be 
realized when there are four elements and their excitation coefficients are equal to 


aj=-l 
a = +1 
d4 — —1 
a4 = +1 


To illustrate the method, we plotted in Figure 7.5 the pattern of that array; it clearly 
meets the desired specifications. Because of the symmetry of the array, the pattern of the 
left hemisphere is identical to that of the right. 


7.4 FOURIER TRANSFORM METHOD 


This method can be used to determine, given a complete description of the desired 
pattern, the excitation distribution of a continuous or a discrete source antenna system. 
The derived excitation will yield, either exactly or approximately, the desired antenna 
pattern. The pattern synthesis using this method is referred to as beam shaping. 


7.4.1 Line-Source 


For a continuous line-source distribution of length /, as shown in Figure 7.1, the nor- 
malized space factor of (7-1) can be written as 


1/2 : 1/2 "T 

SF(0) — J I (zel Est- qz = f I (z)e/** qz (7-8) 
—l/2 —l/2 
k- 

E =kcos@ — k, > 0 = cos! = :) (7-8a) 


where k, is the excitation phase constant of the source. For a normalized uniform 
current distribution of the form Z (z^) = Ip/1, (7-8) reduces to 


. [kl k; 
sin z1 cos — t 
«Hf, we ee S9) 
—[cos0 — — 
2 k 


The observation angle 0 of (7-9) will have real values (visible region) provided that 
—(k + k;) € & < (k — k;) as obtained from (7-82). 

Since the current distribution of (7-8) extends only over —//2 < z' < 1/2 (and it is 
Zero outside it), the limits can be extended to infinity and (7-8) can be written as 


SF(0) = Io 


+00 


SF(0) = SF(E) = J INe dz’ (7-10a) 


—00 
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The form of (7-10a) is a Fourier transform, and it relates the excitation distribution 
I(z') of a continuous source to its far-field space factor SF(0). The transform pair of 
(7-10a) is given by 


I yee "E e V qd sats UO a z 
(z^) 2 (8) E 37 (0) E (7-10b) 


oo —oo0 


Whether (7-102) represents the direct transform and (7-10b) the inverse transform, 
or vice-versa, does not matter here. The most important thing is that the excitation 
distribution and the far-field space factor are related by Fourier transforms. 

Equation (7-10b) indicates that if SF(0) represents the desired pattern, the excitation 
distribution 7(z') that will yield the exact desired pattern must in general exist for 
all values of z'(—oo x z' < oo). Since physically only sources of finite dimensions 
are realizable, the excitation distribution of (7-10b) is usually truncated at z' = +//2 
(beyond z' = +//2 it is set to zero). Thus the approximate source distribution is given 
by 

Ie) = — J SF] HEE -1/2 < <1/2 
S e a e cee 
0 elsewhere 


(7-11) 


and it yields an approximate pattern SF(@),. The approximate pattern is used to rep- 
resent, within certain error, the desired pattern SF(0);. Thus 


1/2 


SF(8)4 ~ SF(0), = f L.(z)e/** dz (7-12) 
=1/2 


It can be shown that, over all values of €, the synthesized approximate pattern 
SF(0), yields the least-mean-square error or deviation from the desired pattern SF(0),. 
However that criterion is not satisfied when the values of & are restricted only in the 
visible region [8], [9]. 

To illustrate the principles of this design method, an example is taken. 


Example 7.2 


Determine the current distribution and the approximate radiation pattern of a line-source 
placed along the z-axis whose desired radiation pattern is symmetrical about 0 = 77/2, and 
it is given by 

1 2w/4<06 < 37/4 

O0 elsewhere 


SF(@) = | 


This is referred to as a sectoral pattern, and it is widely used in radar search and communi- 
cation applications. 
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Solution: Since the pattern is symmetrical, k; = 0. The values of é, as determined by 
(7-8a), are given by k//2 > € > —k/4/2. In turn, the current distribution is given by (7- 
10b) or 


+00 
Te E / SE()e-/* dé 


k/A/2 
2 i j RE dé = dom 
2n Jk 5 n2 


Line-source (/ = 5A) 


———— Line-source (/ = 101) 


e ee oo ooo Lineararray (/ = 5X, 103) 
g 
£+0.5 
8 
mo} 
S 
E 
o 
zi 
r 
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(a) Current distribution 


se ccccccccccee Desired pattern 


¢ 


Line-source (/ = 5A) 


—— —— Line-source (/ = 10A) 


Space factor |SF (0)| 


Li Ew 
10 50 90 130 170 


Observation angle 0 (degrees) 


(b) Space factor 


Figure 7.6 Normalized current distribution, desired pattern, and synthesized patterns using 
the Fourier transform method. 
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and it exists over all values of z/(—oo < z’ < oo). Over the extent of the line-source, the 
current distribution is approximated by 


ICONE MMC CU 


If the derived current distribution /(z’) is used in conjunction with (7-10a) and it is assumed 
to exist over all values of z’, the exact and desired sectoral pattern will result. If however 
it is truncated at z’ = +//2 (and assumed to be zero outside), then the desired pattern is 
approximated by (7-12) or 


1/2 e 
SF(0)4 ~ SF(0), = f Le dz’ 
ip 


uc ele alll 


where S;(x) is the sine integral of (4-68b). 

The approximate current distribution (normalized so that its maximum is unity) is plotted 
in Figure 7.6(a) for | = 5A and / = 10A. The corresponding approximate normalized patterns 
are shown in Figure 7.6(b) where they are compared with the desired pattern. A very good 
reconstruction is indicated. The longer line-source (/ = 10A) provides a better realization. 
The sidelobes are about 0.102 (—19.83 dB) for l = 54 and 0.081 (—21.83 dB) for / = 10A 
(relative to the pattern at 0 — 90^). 


7.4.2 Linear Array 


The array factor of an N-element linear array of equally spaced elements and nonuni- 
form excitation is given by (7-2). If the reference point is taken at the physical center 
of the array, the array factor can also be written as 


Odd Number of Elements (N = 2M + 1) 


M 
AF(0) = AF(y) = 5 a, £7" V (7-13a) 


m=—M 


Even Number of Elements (N = 2M) 


-1 M 
AF(0) = AF(y) = 3 Am e Qm D/2w $ a ere (7-13b) 
m=—M m=1 


where 


V — kd cos0 + p (7-13c) 


FOURIER TRANSFORM METHOD 397 


For an odd number of elements (V = 2M + 1), the elements are placed at 


z,-md, m=0,+1,+2,...,4M (7-13d) 


and for an even number (N = 2M) at 


2m — 1 


oo : PE (7-13e) 


2 1 
E d, —-M<m<-l 


An odd number of elements must be utilized to synthesize a desired pattern whose 
average value, over all angles, is not equal to zero. The m = 0 term of (7-13a) is 
analogous to the d.c. term in a Fourier series expansion of functions whose average 
value is not zero. 

In general, the array factor of an antenna is a periodic function of w, and it must 
repeat for every 27 radians. In order for the array factor to satisfy the periodicity 
requirements for real values of 6 (visible region), then 2kd = 2z or d=A/2. The 
periodicity and visible region requirement of d = 4/2 can be relaxed; in fact, it can be 
made d < 4/2. However, the array factor AF(y) must be made pseudoperiodic by using 
fill-in functions, as is customarily done in Fourier series analysis. Such a construction 
leads to nonunique solutions, because each new fill-in function will result in a different 
solution. In addition, spacings smaller than 4/2 lead to superdirective arrays that are 
undesirable and impractical. If d > 4/2, the derived patterns exhibit undesired grating 
lobes; in addition, they must be restricted to satisfy the periodicity requirements. 

If AF(y) represents the desired array factor, the excitation coefficients of the array 
can be obtained by the Fourier formula of 


Odd Number of Elements (N = 2M + 1) 


1 T/2 . 1 m . 
am = = f AF(y.)e "Y dy = — / AF()e 7" " dw —MzmzM 
TJ 20 Jin 


(7-14a) 
Even Number of Elements (N = 2M) 
T/2 
=J AF(y)e 7 [Qm D/2]V dy 
T/2 
= z[ -ARGE (@m+D/2W dy —M<m<-l (7-14b) 
T 
an = 
T/2 
al AE(y/)e I-D qu, 
T/2 
=— T AF(J)e-jtn- brav dy l<m<M (7-14c) 
20 Jin 
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Simplifications in the forms of (7-13a)—(7-13b) and (7-14a)—(7-14c) can be obtained 
when the excitations are symmetrical about the physical center of the array. 


Example 7.3 


Determine the excitation coefficients and the resultant pattern for a broadside discrete- 
element array whose array factor closely approximates the desired symmetrical sectoral 
pattern of Example 7.2. Use 11 elements with a spacing of d = 4/2 between them. Repeat 
the design for 21 elements. 

Solution: Since the array is broadside, the progressive phase shift between the elements as 
required by (6-18a) is zero (6 = 0). Since the pattern is nonzero only for 7/4 < 0 < 37/4, 
the corresponding values of y are obtained from (7-13c) or x/4/2 > y > —z/4/2. The 
excitation coefficients are obtained from (7-14a) or 


wg = De E 


—n[A2 ND LEE 
V2 


1 PA; 1 sin (=) 
/ el dy = wee 


and they are symmetrical about the physical center of the array [am(—Z/,,) = am (z;,)]. The 
corresponding array factor is given by (7-13a). 


Array factor | AF (0)| 


A L L io 
10 50 90 130 170 
Observation angle 0 (degrees) 


oeccececececoe Desired pattern 
Linear array 
(N = 11,d = A/2) 
== Linear array 
(N = 21,d = A/2) 
Figure 7.7 Desired array factor and synthesized normalized patterns for linear array of 11 
and 21 elements using the Fourier transform method. 
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The normalized excitation coefficients are 


ay = 1.0000 a4 = 0.0578 dig = —0.0496 
Giz; = 0.3582 dis = —0.0895 dig = 0.0455 
An = DAA a46 = 0.0518 asio = —0.0100 
a3 = 0.0558 ai, = 0.0101 


They are displayed graphically by a dot (e) in Figure 7.6(a) where they are compared with the 
continuous current distribution of Example 7.2. It is apparent that at the element positions, 
the line-source and linear array excitation values are identical. This is expected since the 
two antennas are of the same length (for N = 11, d = 4/2751 = 54 and for N = 21, d = 
A/2>1= 102). 


The corresponding normalized array factors are displayed in Figure 7.7. As it should 
be expected, the larger array (N = 21, d = A/2) provides a better reconstruction of the 
desired pattern. The sidelobe levels, relative to the value of the pattern at 0 = 90°, are 0.061 
(—24.29 dB) for N = 11 and 0.108 (—19.33 dB) for N = 21. 

Discrete-element linear arrays only approximate continuous line-sources. Therefore, their 
patterns shown in Figure 7.7 do not approximate as well the desired pattern as the corre- 
sponding patterns of the line-source distributions shown in Figure 7.6(b). 


Whenever the desired pattern contains discontinuities or its values in a given region 
change very rapidly, the reconstruction pattern will exhibit oscillatory overshoots 
which are referred to as Gibbs’ phenomena. Since the desired sectoral patterns of 
Examples 7.2 and 7.3 are discontinuous at 0 = 2/4 and 37/4, the reconstructed pat- 
terns displayed in Figures 7.6(b) and 7.7 exhibit these oscillatory overshoots. 


7.5 WOODWARD-LAWSON METHOD 


A very popular antenna pattern synthesis method used for beam shaping was introduced 
by Woodward and Lawson [3], [4], [10]. The synthesis is accomplished by sampling 
the desired pattern at various discrete locations. Associated with each pattern sample is 
a harmonic current of uniform amplitude distribution and uniform progressive phase, 
whose corresponding field is referred to as a composing function. For a line-source, 
each composing function is of an bm sin(Wjn)/Wm form whereas for a linear array it 
takes an bm sin(N@,,)/N sin($,,) form. The excitation coefficient bm of each harmonic 
current is such that its field strength is equal to the amplitude of the desired pattern 
at its corresponding sampled point. The total excitation of the source is comprised 
of a finite summation of space harmonics. The corresponding synthesized pattern is 
represented by a finite summation of composing functions with each term represent- 
ing the field of a current harmonic with uniform amplitude distribution and uniform 
progressive phase. 

The formation of the overall pattern using the Woodward-Lawson method is accom- 
plished as follows. The first composing function produces a pattern whose main 
beam placement is determined by the value of its uniform progressive phase while 
its innermost sidelobe level is about —13.5 dB; the level of the remaining sidelobes 
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monotonically decreases. The second composing function has also a similar pattern 
except that its uniform progressive phase is adjusted so that its main lobe maximum 
coincides with the innermost null of the first composing function. This results in the 
filling-in of the innermost null of the pattern of the first composing function; the amount 
of filling-in is controlled by the amplitude excitation of the second composing function. 
Similarly, the uniform progressive phase of the third composing function is adjusted 
so that the maximum of its main lobe occurs at the second innermost null of the first 
composing function; it also results in filling-in of the second innermost null of the 
first composing function. This process continues with the remaining finite number of 
composing functions. 

The Woodward-Lawson method is simple, elegant, and provides insight into the 
process of pattern synthesis. However, because the pattern of each composing function 
perturbs the entire pattern to be synthesized, it lacks local control over the sidelobe 
level in the unshaped region of the entire pattern. In 1988 and 1989 a spirited and wel- 
comed dialogue developed concerning the Woodward-Lawson method [11]-[14]. The 
dialogue centered whether the Woodward-Lawson method should be taught and even 
appear in textbooks, and whether it should be replaced by an alternate method [15] 
which overcomes some of the shortcomings of the Woodward-Lawson method. The 
alternate method of [15] is more of a numerical and iterative extension of Schelkunoff's 
polynomial method which may be of greater practical value because it provides supe- 
rior beamshape and pattern control. One of the distinctions of the two methods is that 
the Woodward-Lawson method deals with the synthesis of field patterns while that 
of [15] deals with the synthesis of power patterns. 

The analytical formulation of this method is similar to the Shannon sampling the- 
orem used in communications which states that “if a function g(t) is band-limited, 
with its highest frequency being fp, the function g(t) can be reconstructed using 
samples taken at a frequency fs. To faithfully reproduce the original function g(t), 
the sampling frequency jf, should be at least twice the highest frequency f, (fs > 
2/4) or the function should be sampled at points separated by no more than At < 
1/f, = 1/(2/5) = T,/2 where T, is the period of the highest frequency fh.” In a 
similar manner, the radiation pattern of an antenna can be synthesized by sampling 
functions whose samples are separated by A// rad, where | is the length of the 
source [9], [10]. 


7.5.1 Line-Source 


Let the current distribution of a continuous source be represented, within —//2 < z’ < 
1/2, by a finite summation of normalized sources each of constant amplitude and linear 
phase of the form 


bu 5p / 
iG)- pe m — 1/2 <2! 1/2 (7-15) 


As it will be shown later, 6,, represents the angles where the desired pattern is sampled. 
The total current 7 (z^) is given by a finite summation of 2M (even samples) or 2M + 1 
(odd samples) current sources each of the form of (7-15). Thus 
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M 
1 1 — jkz! cos 6, 
Ie) =F s bue? (7-16) 
m=—M 
where 
m = +1, +2,..., +M (for 2M even number of samples) (7-16a) 


m = 0, X1, £2,..., +M (for 2M + 1 odd number of samples) (7-16b) 


For simplicity use odd number of samples. 
Associated with each current source of (7-15) is a corresponding field pattern of the 
form given by (7-9) or 


. [kl 
sin [Fos — cos an)| 
Sm (8) = by 4 — (7-17) 


— 0 — Om 
2 (cos COS Ôm) 


whose maximum occurs when 0 = 0,. The total pattern is obtained by summing 2M 
(even samples) or 2M + 1 (odd samples) terms each of the form given by (7-17). Thus 


kl 
M sin [Fos 6 — cos )| 
SF@) = J b A — y — —— (7-18) 
m=—M z (cos 0 — cos Om) 


The maximum of each individual term in (7-18) occurs when 0 = 6,,, and it is equal 
to SF(0 = Om). In addition, when one term in (7-18) attains its maximum value at its 
sample at 0 = Om, all other terms of (7-18) which are associated with the other samples 
are zero at 0 = 0,,. In other words, all sampling terms (composing functions) of (7-18) 
are zero at all sampling points other than at their own. Thus at each sampling point the 
total field is equal to that of the sample. This is one of the most appealing properties of 
this method. If the desired space factor is sampled at 0 = 0m, the excitation coefficients 
bm can be made equal to its value at the sample points 6,,. Thus 


bm = SFO = On)a (7-19) 


The reconstructed pattern is then given by (7-18), and it approximates closely the 
desired pattern. 

In order for the synthesized pattern to satisfy the periodicity requirements of 27 for 
real values of 0 (visible region) and to faithfully reconstruct the desired pattern, each 
sample should be separated by 


À 
kz’ ^|izi-i =27OA= T (7-19a) 
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The location of each sample is given by 


À 
COS Ôn = MA =m (+) ,m=0,+1,+2,.. for odd samples (7-19b) 
2m — 1 — 
(2m by em I(r 
2 2 l 
m = +1, +2,.. for even samples (7-19c) 
cos Ôm = 
(2m + DN | .QmtD(A 
2 DE DJ 
m — —1,—2,.. for even samples 


Therefore, M should be the closest integer to M = 1/4. 

As long as the location of each sample is determined by (7-19b or 7-19c), the pattern 
value at the sample points is determined solely by that of one sample and it is not 
correlated to the field of the other samples. 


Example 7.4 


Repeat the design of Example 7.2 for l = 5X using odd samples and the Woodward-Lawson 
line-source synthesis method. 

Solution: Since | = 5A, M = 5 and the sampling separation is 0.2. The total number of 
sampling points is 11. The angles where the sampling is performed are given, according to 
(7-19b), by 


A 
à, = cos! (m=) = eos 0.2m, m —0,t1,..., +5 


The angles and the excitation coefficients at the sample points are listed below. 


Om Dep E SF(0,,)a 


0 90° 1 

1 78.46° 1 101.54° 1 
2 6642? 1 113.58? 1 
3 5343 1 126.87? 1 
4 3687 0 143.13? 0 
S Qf 0 180° 0 


The computed pattern is shown in Figure 7.8(a) where it is compared with the desired 
pattern. A good reconstruction is indicated. The sidelobe level, relative to the value of the 
pattern at 0 = 90°, is 0.160 (—15.92 dB). 

To demonstrate the synthesis of the pattern using the sampling concept, we have plotted 
in Figure 7.8(b) all seven nonzero composing functions Sm(0) used for the reconstruction 
of the / = 54 line-source pattern of Figure 7.8(a). Each nonzero s,,(0) composing function 
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(b) Composing functions for line-source (/ = 5A) 


Figure 7.8 Desired and synthesized patterns, and composing functions for Wood- 
ward-Lawson designs. 
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was computed using (7-17) for m = 0, +1, +2, +3. It is evident that at each sampling point 


all the composing functions are zero, except the one that represents that sample. Thus the 
value of the desired pattern at each sampling point is determined solely by the maximum 
value of a single composing function. The angles where the composing functions attain their 
maximum values are listed in the previous table. 


7.5.2 Linear Array 


The Woodward-Lawson method can also be implemented to synthesize discrete linear 
arrays. The technique is similar to the Woodward-Lawson method for line-sources 
except that the pattern of each sample, as given by (7-17), is replaced by the array 
factor of a uniform array as given by (6-10c). The pattern of each sample can be 


written as 

sin | aco 0 — cos )| 
fin (8) = bi => (7-20) 
N sin | ;deost — cos | 


l = Nd assumes the array is equal to the length of the line-source (for this design 
only, the length l of the line includes a distance d/2 beyond each end element). The 
total array factor can be written as a superposition of 2M + 1 sampling terms (as was 
done for the line-source) each of the form of (7-20). Thus 


N 
Kd (cos 0 — cos | 


M zl 
AF(0) = Y b, 


ORE. (7-21) 
m=-M  Nsin EZZ — cos )| 


As for the line-sources, the excitation coefficients of the array elements at the sample 
points are equal to the value of the desired array factor at the sample points. That is, 


bm = AF(0 = 0,)4 (7-22) 


The sample points are taken at 


À 
cos Ôn = MA =m (+) ,m=0,+1,+2,.. for odd samples (7-23a) 
Om = De co ense) À 
2 EDEN Nd)’ 
m=+1,+2,.. for even samples 
cos Ôm = (7-23b) 
end) ey) À 
2 EE Nd)’ 


m = —1],—2,.. for even samples 
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The normalized excitation coefficient of each array element, required to give the desired 
pattern, is given by 


M 
1 x 
an) = 5 P, bae eth (7-24) 
m=—M 


where z,,’ indicates the position of the nth element (element in question) symmetrically 
placed about the geometrical center of the array. 


Example 7.5 


Repeat the design of Example 7.4 for a linear array of 10 elements using the Woodward- 
Lawson method with odd samples and an element spacing of d = 1/2. 

Solution: According to (7-19), (7-19b), (7-22) and (7-23a), the excitation coefficients of 
the array at the sampling points are the same as those of the line-source. Using the values 
of b, as listed in Example 7.4, the computed array factor pattern using (7-21) is shown 
in Figure 7.8(a). A good synthesis of the desired pattern is displayed. The sidelobe level, 
relative to the pattern value at 0 = 90°, is 0.221 (—13.1 dB). The agreement between the 
line-source and the linear array Woodward-Lawson designs are also good. 

The normalized pattern of the symmetrical discrete array can also be generated using 
the array factor of (6-61a) or (6-61b), where the normalized excitation coefficients a,’s of 
the array elements are obtained using (7-24). For this example, the excitation coefficients 
of the 10-element array, along with their symmetrical position, are listed below. To achieve 
the normalized amplitude pattern of unity at 0 = 90° in Figure 7.8(a), the array factor of 
(6-61a) must be multiplied by 1/Xa, = 1/0.4482 = 2.2312. 


Element Number Element Position Excitation Coefficient 


n Z'n an 
Jel +0.25) 0.6080 
Se +0.75) —0.1295 
+3 +#1.252 0.0000 
a5 +1.75) 0.0660 
Æ SEA, VDA —0.0963 


In general, the Fourier transform synthesis method yields reconstructed patterns whose 
mean-square error (or deviation) from the desired pattern is a minimum. However, the 
Woodward-Lawson synthesis method reconstructs patterns whose values at the sampled 
points are identical to the ones of the desired pattern; it does not have any control of 
the pattern between the sample points, and it does not yield a pattern with least-mean- 
square deviation. 

Ruze [9] points out that the least-mean-square error design is not necessarily the best. 
The particular application will dictate the preference between the two. However, the Fourier 
transform method is best suited for reconstruction of desired patterns which are analytically 
simple and which allow the integrations to be performed in closed form. Today, with the 
advancements in high-speed computers, this is not a major restriction since the integration 
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can be performed (with high efficiency) numerically. In contrast, the Woodward-Lawson 
method is more flexible, and it can be used to synthesize any desired pattern. In fact, it 
can even be used to reconstruct patterns which, because of their complicated nature, cannot 
be expressed analytically. Measured patterns, either of analog or digital form, can also be 
synthesized using the Woodward-Lawson method. 


7.6 TAYLOR LINE-SOURCE (TSCHEBYSCHEFF-ERROR) 


In Chapter 6 we discussed the classic Dolph-Tschebyscheff array design which yields, 
for a given sidelobe level, the smallest possible first-null beamwidth (or the smallest 
possible sidelobe level for a given first-null beamwidth). Another classic design that 
is closely related to it, but is more applicable for continuous distributions, is that by 
Taylor [5] (this method is different from that by Taylor [6] which will be discussed in 
the next section). 

The Taylor design [5] yields a pattern that is an optimum compromise between 
beamwidth and sidelobe level. In an ideal design, the minor lobes are maintained at 
an equal and specific level. Since the minor lobes are of equal ripple and extend to 
infinity, this implies an infinite power. More realistically, however, the technique as 
introduced by Taylor leads to a pattern whose first few minor lobes (closest to the 
main lobe) are maintained at an equal and specified level; the remaining lobes decay 
monotonically. Practically, even the level of the closest minor lobes exhibits a slight 
monotonic decay. This decay is a function of the space u over which these minor lobes 
are required to be maintained at an equal level. As this space increases, the rate of 
decay of the closest minor lobes decreases. For a very large space of u (over which the 
closest minor lobes are required to have an equal ripple), the rate of decay is negligible. 
It should be pointed out, however, that the other method by Taylor [6] (of Section 7.7) 
yields minor lobes, all of which decay monotonically. 

The details of the analytical formulation are somewhat complex (for the average 
reader) and lengthy, and they will not be included here. The interested reader is referred 
to the literature [5], [16]. Instead, a succinct outline of the salient points of the method 
and of the design procedure will be included. The design is for far-field patterns, and 
it is based on the formulation of (7-1). 

Ideally the normalized space factor that yields a pattern with equal-ripple minor 
lobes is given by 


cosh[,/ (zt A)? — u?] 


SP cosh(z A) 


(7-25) 
l 
u = "e cos 0 (7-25a) 


whose maximum value occurs when u = 0. The constant A is related to the maximum 
desired sidelobe level Rọ by 


cosh(z A) = Ro (voltage ratio) (7-26) 
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The space factor of (7-25) can be derived from the Dolph-Tschebyscheff array 
formulation of Section 6.8.3, if the number of elements of the array are allowed to 
become infinite. 

Since (7-25) is ideal and cannot be realized physically, Taylor [5] suggested that it 
be approximated (within a certain error) by a space factor comprised of a product of 
factors whose roots are the zeros of the pattern. Because of its approximation to the 
ideal Tschebyscheff design, it is also referred to as Tschebyscheff-error. The Taylor 
space factor is given by 


(7-27) 


(7-27a) 


(7-27b) 


where 6, represents the locations of the nulls. The parameter 7 is a constant chosen 
by the designer so that the minor lobes for |v| = |u/z| < n are maintained at a nearly 
constant voltage level of 1/Ro while for |v| = |u/zt| >n the envelope, through the 
maxima of the remaining minor lobes, decays at a rate of 1/v = x /u. In addition, the 
nulls of the pattern for |v| > 7 occur at integer values of v. 

In general, there are 7 — 1 inner nulls for |v| < 7» and an infinite number of outer 
nulls for |v| > 7. To provide a smooth transition between the inner and the outer nulls 
(at the expense of slight beam broadening), Taylor introduced a parameter o. It is 
usually referred to as the scaling factor, and it spaces the inner nulls so that they blend 
smoothly with the outer ones. In addition, it is the factor by which the beamwidth of 
the Taylor design is greater than that of the Dolph-Tschebyscheff, and it is given by 


(7-28) 
The location of the nulls are obtained using 
l | A2 _ 1) = 
Un = HU, == cos, = | #70 y A +(n- 5) I<n<n (7-29) 
À cna n<n<ow 


The normalized line-source distribution, which yields the desired pattern, is given by 


n-1 


/ À Tn d 
T(z) = T 1+ 2X SF(p, A, T) cos (227) (7-30) 


p=! 
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The coefficients SF(p, A, n) represent samples of the Taylor pattern, and they can 
be obtained from (7-27) with u = zp. They can also be found using 


[G — Df Tae aes 
= —_—l SS — | — «n 
SF(p,.A,8) = 1 Gi—1-- GE —1— pu Um p (7-30a) 
0 Ip| zn 
with SF(— p, A,n) = SF(p, A, n). 
The half-power beamwidth is given approximately by [8] 


À R 
O9 ~ 2sin^! die (cosh7! Ro? — ( cosh! = (7-31) 
ml J/2 


7.6.1 Design Procedure 


To initiate a Taylor design, you must 


1. specify the normalized maximum tolerable sidelobe level 1/ Ro of the pattern. 


2. choose a positive integer value for n such that for |v| = |(//A) cos0| < n the 
normalized level of the minor lobes is nearly constant at 1/ Ro. For |v| > 7, the 
minor lobes decrease monotonically. In addition, for |v| < n there exist (7 — 1) 
nulls. The position of all the nulls is found using (7-29). Small values of n yield 
source distributions which are maximum at the center and monotonically decrease 
toward the edges. In contrast, large values of 7 result in sources which are peaked 
simultaneously at the center and at the edges, and they yield sharper main beams. 
Therefore, very small and very large values of n should be avoided. Typically, 
the value of 7 should be at least 3 and at least 6 for designs with sidelobes of 
—25 and —40 dB, respectively. 


To complete the design, you do the following: 
1. Determine A using (7-26), o using (7-28), and the nulls using (7-29). 


2. Compute the space factor using (7-27), the source distribution using (7-30) and 
(7-302), and the half-power beamwidth using (7-31). 


Example 7.6 


Design a —20 dB Taylor, Tschebyscheff-error, distribution line-source with 7 = 5. Plot the 
pattern and the current distribution for / = 7A(—7 < v = u/z < 7). 
Solution: For a —20 dB sidelobe level 


Ro (voltage ratio) = 10 
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Using (7-26) 
1 
A = — cosh™! (10) = 0.95277 
JU 


and by (7-28) 


5 
D = JI 
y (0.95277)? + (5 — 0.5)? 
1.0 
> 7 0.8 
e + 0.6 
3 + 0.4 
o 
S 
z 
+ 0.2 
L | | | | | J 
—1/2 —I/A 0 1/4 1/2 
(—3.53) (71.751) (1.75) (3.53) 


Position on Source (z’) 


(a) Current distribution 
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180° 149° 124.8° 106.6° 90° 73.4° 55.2? 31° 0° 


Observation angle 0 (/ = 7A) 


(b) Space factor 


Figure 7.9 Normalized current distribution and far-field space factor pattern for a —20 dB 
sidelobe and 7 = 5 Taylor (Tschebyscheff-error) line-source of / = 7A. 
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The nulls are given by (7-29) or 


Un = us /7 = £1.17, £1.932, £2.91, +3.943, £5.00, £6.00, +£7.00, ... 


The corresponding null angles for / = 7A are 


0, = 80.38° (99.62°), 73.98° (106.02^), 65.45°(114.55°), 
55.71 (124.29^), 44.41°(135.59°), and 31.00°(149.00°) 


The half-power beamwidth for / = 7A is found using (7-31), or 


Qo > 7.95? 


The source distribution, as computed using (7-30) and (7-30a), is displayed in Figure 7.9(a). 
The corresponding radiation pattern for —7 < v = u/z <7 (0° < 0 < 180° for | = 7A) is 
shown in Figure 7.9(b). 

AII the computed parameters compare well with results reported in [5] and [16]. 


7.7 TAYLOR LINE-SOURCE (ONE-PARAMETER) 


The Dolph-Tschebyscheff array design of Section 6.8.3 yields minor lobes of equal 
intensity while the Taylor (Tschebyscheff-error) produces a pattern whose inner minor 
lobes are maintained at a constant level and the remaining ones decrease monotonically. 
For some applications, such as radar and low-noise systems, it is desirable to sacrifice 
some beamwidth and low inner minor lobes to have all the minor lobes decay as 
the angle increases on either side of the main beam. In radar applications this is 
preferable because interfering or spurious signals would be reduced further when they 
try to enter through the decaying minor lobes. Thus any significant contributions from 
interfering signals would be through the pattern in the vicinity of the major lobe. Since 
in practice it is easier to maintain pattern symmetry around the main lobe, it is also 
possible to recognize that such signals are false targets. In low-noise applications, it 
is also desirable to have minor lobes that decay away from the main beam in order to 
diminish the radiation accepted through them from the relatively “hot” ground. 

A continuous line-source distribution that yields decaying minor lobes and, in addi- 
tion, controls the amplitude of the sidelobe is that introduced by Taylor [6] in an 
unpublished classic memorandum. It is referred to as the Taylor (one-parameter) design 
and its source distribution is given by 


2 2 
i ) —l/2 < z' < +1/2 


(7-32) 


elsewhere 


where Jo is the Bessel function of the first kind of order zero, / is the total length of 
the continuous source [see Figure 7.1(a)], and B is a constant to be determined from 
the specified sidelobe level. 
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The space factor associated with (7-32) can be obtained by using (7-1). After some 
intricate mathematical manipulations, utilizing Gegenbauer’s finite integral and Gegen- 
bauer polynomials [17], the space factor for a Taylor amplitude distribution line-source 
with uniform phase [@,(z’) = o = 0] can be written as 


: 2:542 
SinbLy Gr B) u 1 Banin 
V (a B)? — u? 


SF(@) = (7-33) 


u? > (xB) 


jSinlv u* — (x B] 


where 


l 


B — constant determined from sidelobe level 
| = line-source dimension 


The derivation of (7-33) is assigned as an exercise to the reader (Problem 7.28). When 
(x B > u?, (7-33) represents the region near the main lobe. The minor lobes are 
represented by (7 B)? < u? in (7-33). Either form of (7-33) can be obtained from the 
other by knowing that (see Appendix VI) 


sin(jx) = j sinh(x) 
(7-34) 
sinh(jx) — j sin(x) 


When u = 0 (0 = x/2 and maximum radiation), the normalized pattern height is 
equal to 
sinhGrB) — 


SP)na = 
(SF) zB 


Ho (7-35) 


For u? >> (x B)?, the normalized form of (7-33) reduces to 


sin[,/u2 — (x B)?] _ Sin(u) 


Vu? — (x By u 


and it is identical to the pattern of a uniform distribution. The maximum height H, of 
the sidelobe of (7-36) is Hı = 0.217233 (or 13.2 dB down from the maximum), and 
it occurs when (see Appendix I) 


SF(0) = u»zxB (7-36) 


[u? — (c B]!? ~ u = 4.494 (7-37) 
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Using (7-35), the maximum voltage height of the sidelobe (relative to the maximum 
Ho of the major lobe) is equal to 


H; 1 0.217233 
SS = = SS (7-38) 
Ho Ro  sinh(z B)/( B) 
or 
1 sinh(z B) sinh(z B) 
Ro = ———— — = 4.603 ———_— z 
070217233. zB zB oes) 


Equation (7-38a) can be used to find the constant B when the intensity ratio Ro of 
the major-to-the-sidelobe is specified. Values of B for typical sidelobe levels are 


Sidelobe 


Level (dB) —10 —15 —20 =25 —30 —35 —40 
B j0.4597 0.3558 0.7386 1.0229 1.2761 1.5136 1.7415 


The disadvantage of designing an array with decaying minor lobes as compared to 
a design with equal minor lobe level (Dolph-Tschebyscheff), is that it yields about 12 
to 15% greater half-power beamwidth. However such a loss in beamwidth is a small 
penalty to pay when the extreme minor lobes decrease as 1/u. 

To illustrate the principles, let us consider an example. 


Example 7.7 


Given a continuous line-source, whose total length is 4A, design a Taylor, one-parameter, 
distribution array whose sidelobe is 30 dB down from the maximum of the major lobe. 


a. Find the constant B. 

b. Plot the pattern (in dB) of the continuous line-source distribution. 

c. For a spacing of A/4 between the elements, find the number of discrete 
isotropic elements needed to approximate the continuous source. Assume 
that the two extreme elements are placed at the edges of the continuous 
line source. 

. Find the normalized coefficients of the discrete array of part (c). 

. Write the array factor of the discrete array of parts (c) and (d). 

. Plot the array factor (in dB) of the discrete array of part (e). 

. For a corresponding Dolph-Tschebyscheff array, find the normalized coeffi- 
cients of the discrete elements. 


00 — Oo A 


h. Compare the patterns of the Taylor continuous line-source distribution 
and discretized array, and the corresponding Dolph-Tschebyscheff discrete- 
element array. 
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Solution: For a —30 dB maximum sidelobe, the voltage ratio of the major-to-the-sidelobe 
level is equal to 


30 = 20 logy) (Ro) > Ro = 31.62 
a. The constant B is obtained using (7-38a) or 


LOB 
Ro 36? = Aon eae > B = 12761 
VIA 


b. The normalized space factor pattern is obtained using (7-33), and it is shown 
plotted in Figure 7.10. 


c. For d = 4/4 and with elements at the extremes, the number of elements is 17. 


0 Sr RC 0 
0° 
30° E 30* 
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T 
m 
820 — 
b 
z| / 
Q| 
a| 
o 
= 
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2 d <) # 


150° 150° 


Continuous 
(1 = 4X) 
— — — — Discretized 
(l= 4), d = M4, N = 17) 


Figure 7.10 Far-field amplitude patterns of continuous and discretized Taylor 
(one-parameter) distributions. 
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. The coefficients are obtained using (7-32). Since we have an odd number 


of elements, their positioning and excitation coefficients are those shown in 
Figure 6.19(b). Thus the total excitation coefficient of the center element is 


2a; = 1,(z’)|v=0 = Jo(j4.009) = 11.400 > a, = 5.70 


The coefficients of the elements on either side of the center element are 
identical (because of symmetry), and they are obtained from 


a = 1(2')|a4n/4 = Jo(j3.977) = 11.106 


The coefficients of the other elements are obtained in a similar manner, 
and they are given by 


az = 10.192 
a4 = 8.889 
as = 7.195 
ag = 5.426 
a; = 3.694 
dg = 2.202 
ay = 1.000 


. The array factor is given by (6-61b) and (6-61c), or 


9 


(AE); = 9 an cos[2(n — Du] 


n=1 
d 
u = m — cos 0 = us cos 0 
Xr 4 


where the coefficients (a,'s) are those found in part (d). 


. The normalized pattern (in dB) of the discretized distribution (discrete-element 


array) is shown in Figure 7.10. 


. The normalized coefficients of a 17-element Dolph-Tschebyscheff array, with 


—30 dB sidelobes, are obtained using the method outlined in the Design 
Section of Section 6.8.3 and are given by 


Unnormalized Normalized 


d; = 2.858 aj, = 1.680 
a2 — 5.597 o 3.290 
az = 5.249 — a3, = 3.086 
ü4 = 4.706 Ag = 2.767 
as = 4.002 as, = 2.364 
dg = 3.258 — ag, = 1.915 
a = 2.481 ain = 1.459 
dg = 1.750 agn = 1.029 
ag = 1.701 aon = 1.000 
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As with the discretized Taylor distribution array, the coefficients are symmetrical, 
and the form of the array factor is that given in part (e). 
h. The normalized pattern (in dB) is plotted in Figure 7.11 where it is com- 
pared with that of the discretized Taylor distribution. From the patterns in 
Figures 7.10 and 7.11, it can be concluded that 
1. the main lobe of the continuous line-source Taylor design is well 
approximated by the discretized distribution with a 4/4 spacing between 
the elements. Even the minor lobes are well represented, and a better 
approximation can be obtained with more elements and smaller spacing 
between them. 

2. the Taylor distribution array pattern has a wider main lobe than the 
corresponding Dolph-Tschebyscheff, but it displays decreasing minor lobes 
away from the main beam. 


oe 
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[e] 
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Dolph-Tschebyschetf 


— — — — Taylor (one-parameter); Discretized 


Figure 7.11 Far-field amplitude patterns of Taylor (discretized) and Dolph-Tschebyscheff 


distributions (J = 4A, d = 4/4, N = 17). 
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A larger spacing between the elements does not approximate the continuous distri- 
bution as accurately. The design of Taylor and Dolph-Tschebyscheff arrays for l = 4A 
and d = A/2(N = 9) is assigned as a problem at the end of the chapter (Problem 7.29). 

To qualitatively assess the performance between uniform, binomial, Dolph- 
Tschebyscheff, and Taylor (one-parameter) array designs, the amplitude distribution of 
each has been plotted in Figure 7.12(a). It is assumed that / = 4A, d = 4/4, N = 17, 


Normalized amplitude 
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(a) Amplitude distribution of uniform, binomial, Taylor, 
and Dolph-Tschebyscheff discrete-element arrays 
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(b) Amplitude distribution of uniform, triangular, cosine, 
and cosine squared discrete-element arrays 


Figure 7.12 Amplitude distribution of nonuniform amplitude linear arrays. 
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and the maximum sidelobe is 30 dB down. The coefficients are normalized with respect 
to the amplitude of the corresponding element at the center of that array. 

The binomial design possesses the smoothest amplitude distribution (between 1 
and 0) from the center to the edges (the amplitude toward the edges is vanishingly 
small). Because of this characteristic, the binomial array displays the smallest sidelobes 
followed, in order, by the Taylor, Tschebyscheff, and the uniform arrays. In contrast, 
the uniform array possesses the smallest half-power beamwidth followed, in order, 
by the Tschebyscheff, Taylor, and binomial arrays. As a rule of thumb, the array with 
the smoothest amplitude distribution (from the center to the edges) has the smallest 
sidelobes and the larger half-power beamwidths. The best design is a trade-off between 
sidelobe level and beamwidth. 

A MATLAB computer program entitled Synthesis has been developed, and it 
performs synthesis using the Schelkunoff, Fourier transform, Woodward-Lawson, 
Taylor (Tschebyscheff-error) and Taylor (one-parameter) methods. The program is 
included in the CD attached to the book. The description of the program is provided 
in the corresponding READ ME file. 


7.8 TRIANGULAR, COSINE, AND COSINE-SQUARED AMPLITUDE 
DISTRIBUTIONS 


Some other very common and simple line-source amplitude distributions are those 
of the triangular, cosine, cosine-squared, cosine on-a-pedestal, cosine-squared on-a- 
pedestal, Gaussian, inverse taper, and edge. Instead of including many details, the 
pattern, half-power beamwidth, first-null beamwidth, magnitude of sidelobes, and direc- 
tivity for uniform, triangular, cosine, and cosine-squared amplitude distributions (with 
constant phase) are summarized in Table 7.1 [18], [19]. 

The normalized coefficients for a uniform, triangular, cosine, and cosine-squared 
arrays of | = 4\,d = à/4, N = 17 are shown plotted in Figure 7.12(b). The array 
with the smallest sidelobes and the larger half-power beamwidth is the cosine-squared, 
because it possesses the smoothest distribution. It is followed, in order, by the triangu- 
lar, cosine, and uniform distributions. This is verified by examining the characteristics 
in Table 7.1. 

Cosine on-a-pedestal distribution is obtained by the superposition of the uniform 
and the cosine distributions. Thus it can be represented by 


JU 
Rest Tr), -l/2<27 <1/2 
nada et hem) /2sz SI (1-39) 
0 


elsewhere 


where /o and J are constants. The space factor pattern of such a distribution is obtained 
by the addition of the patterns of the uniform and the cosine distributions found in 
Table 7.1. That is, 

sin(u) xl cosu 


p d 
"LCD GED ae 


SF(0) = Ig (7-40) 


A similar procedure is used to represent and analyze a cosine-squared on-a-pedestal 
distribution. 
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TABLE 7.1 Radiation Characteristics for Line-Sources and Linear Arrays with 
Uniform, Triangular, Cosine, and Cosine-Squared Distributions 


Distribution 
I, 
(analytical) 


Distribution 
(graphical) 


Space factor si i j S i l sin(u) 
(SF) u — u 5 72(G 18 


Space factor 
ISF| 


Half-power 
beamwidth 
(degrees) 
I>d 


First-null 
beamwidth 
(degrees) 
I>i 


First sidelobe 
max. (to 
main max.) 
(dB) 


Directivity 
factor 
(I large) 


7.9 LINE-SOURCE PHASE DISTRIBUTIONS 


The amplitude distributions of the previous section were assumed to have uniform 
phase variations throughout the physical extent of the source. Practical radiators (such 
as reflectors, lenses, horns, etc.) have nonuniform phase fronts caused by one or more 
of the following: 


1. displacement of the reflector feed from the focus 
2. distortion of the reflector or lens surface 
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3. feeds whose wave fronts are not ideally cylindrical or spherical (as they are 
usually presumed to be) 


4. physical geometry of the radiator 


These are usually referred to phase errors, and they are more evident in radiators with 
tilted beams. 

To simplify the analytical formulations, most of the phase fronts are represented 
with linear, quadratic, or cubic distributions. Each of the phase distributions can be 
associated with each of the amplitude distributions. In (7-1), the phase distribution of 
the source is represented by ¢,(z’). For linear, quadratic, and cubic phase variations, 
$,(z) takes the form of 


2 
linear: hz) = Bizz, -I/2<2 <1/2 (7-41a) 
24? 
quadratic: $»(z)-— f» (7) 27, —l/2 <z <1/2 (7-41b) 
243 
cubic: — daz) = fh G) ge, Ir El rae 


and it is shown plotted in Figure 7.13. The quadratic distribution is used to represent 
the phase variations at the aperture of a horn and of defocused (along the symmetry 
axis) reflector and lens antennas. 

The space factor patterns corresponding to the phase distributions of (7-41a)—(7-41c) 
can be obtained by using (7-1). Because the analytical formulations become lengthy and 
complex, especially for the quadratic and cubic distributions, they will not be included 
here. Instead, a general guideline of their effects will be summarized [18], [19]. 

Linear phase distributions have a tendency to tilt the main beam of an antenna 
by an angle 6 and to form an asymmetrical pattern. The pattern of this distribution 
can be obtained by replacing the u (for uniform phase) in Table 7.1 by (u — 60). In 
general, the half-power beamwidth of the tilted pattern is increased by 1/cos 09 while 
the directivity is decreased by cos 6). This becomes more apparent by realizing that 
the projected length of the line-source toward the maximum is reduced by cos 6). Thus 
the effective length of the source is reduced. 

Quadratic phase errors lead primarily to a reduction of directivity, and an increase 
in sidelobe level on either side of the main lobe. The symmetry of the original pattern 
is maintained. In addition, for moderate phase variations, ideal nulls in the patterns 
disappear. Thus the minor lobes blend into each other and into the main beam, and 
they represent shoulders of the main beam instead of appearing as separate lobes. 
Analytical formulations for quadratic phase distributions are introduced in Chapter 13 
on horn antennas. 

Cubic phase distributions introduce not only a tilt in the beam but also decrease the 
directivity. The newly formed patterns are asymmetrical. The minor lobes on one side 
are increased in magnitude and those on the other side are reduced in intensity. 


7.10 CONTINUOUS APERTURE SOURCES 


Space factors for aperture (two-dimensional) sources can be introduced in a similar 
manner as in Section 7.2.1 for line-sources. 
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0 1/4 1/2 
(a) Linear 


—1/2 


L 
—1/4 


$2 
A 
x B; bus 


L 
—1/2 —1/4 


0 1/4 
(b) Quadratic 


$3 
A 
B3 


1 —B3 
—1/2 —1/4 0 


(c) Cubic 


f ! rene: 
1/4 1/2 
Figure 7.13 Linear, quadratic, and cubic phase variations. 


7.10.1 Rectangular Aperture 


Referring to the geometry of Figure 6.28(b), the space factor for a two-dimensional 
rectangular distribution along the x-y plane is given by 


1/2. ply/2 
SF= f »/ / An (x^, ATO S DC d sin sin p+, (x', y^)] dx! dy’ 
—ly/2 Jl, [2 


(7-42) 
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where /, and l, are, respectively, the linear dimensions of the rectangular aperture 
along the x and y axes. A, (x', y’) and ¢,(x’, y") represent, respectively, the amplitude 
and phase distributions on the aperture. 

For many practical antennas (such as waveguides, horns, etc.) the aperture distribu- 
tion (amplitude and phase) is separable. That is, 


Ar, y) = EQ) (7-42a) 
bn(x’, y) = ox (X') 6,0) (7-42b) 
so that (7-42) can be written as 
SF = 5.5, (7-43) 
where 
Iy/2 
ges f L (x yog Uo Sas cosgte: ^] dx! (7-432) 
EN 
1,/2 
$ f "5 p (ello sing singto 001 gy! (7-43b) 
ad y/2 


which is analogous to the array factor of (6-85)—(6-85b) for discrete-element arrays. 
The evaluation of (7-42) can be accomplished either analytically or graphically. If 
the distribution is separable, as in (7-42a) and (7-42b), the evaluation can be performed 
using the results of a line-source distribution. 
The total field of the aperture antenna is equal to the product of the element and 
space factors. As for the line-sources, the element factor for apertures depends on the 
type of equivalent current density and its orientation. 


7.10.2 Circular Aperture 


The space factor for a circular aperture can be obtained in a similar manner as for the 
rectangular distribution. Referring to the geometry of Figure 6.37, the space factor for 
a circular aperture with radius a can be written as 


27 a 
SF(0, $) = f Í An (p’, peite sin 8 cos(d d Fe 0H) 9^ dp! dq’ (7-44) 
0 0 


where p' is the radial distance (0 < p’ < a), $' is the azimuthal angle over the aperture 
(0 < 9! < 2z for 0 < p’ <a), and A, (p’, $^) and ¢,,(p’, $^) represent, respectively, the 
amplitude and phase distributions over the aperture. Equation (7-44) is analogous to 
the array factor of (6-112a) for discrete elements. 

If the aperture distribution has uniform phase [Z,(o', $^) = £o = 0] and azimuthal 
amplitude symmetry [A,(o', 6’) = An(e’)], (7-44) reduces, by using (5-48), to 


SF(0) — an f An(p') Jo(kp' sin 6) p' dp! (7-45) 
0 


where Jo(x) is the Bessel function of the first kind and of order zero. 
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Many practical antennas, such as a parabolic reflector, have distributions that taper 
toward the edges of the apertures. These distributions can be approximated reasonably 
well by functions of the form 


r\ 2" 
p / x 
A, (p!) = h-(2) | 0xp za, n — 0, 1,2735 .« (7-46) 


0 elsewhere 


For n = 0, (7-46) reduces to a uniform distribution. 

The radiation characteristics of circular apertures or planar circular arrays with dis- 
tributions (7-46) with n — 0, 1, 2 are shown tabulated in Table 7.2 [19]. It is apparent, 
as before, that distributions with lower taper toward the edges (larger values of n) have 
smaller sidelobes but larger beamwidths. In design, a compromise between sidelobe 
level and beamwidth is necessary. 


TABLE 7.2 Radiation Characteristics for Circular Apertures and Circular Planar 
Arrays with Circular Symmetry and Tapered Distribution 


2 


Distribution p' p! p! 2 
(analytical) 


Distribution 
(graphical) 


Space factor (SF) 
u = (2x <) sind 
À 


Half-power 
beamwidth 
(degrees) a > à 


First-null 
beamwidth 
(degrees) a > A 


First sidelobe max. 
(to main max.) 


(dB) 


Directivity factor 
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7.11 MULTIMEDIA 


In 


the CD that is part of the book, the following multimedia resources are included for 


the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 


b. Java-based applet for computing and displaying the synthesis characteristics of 
Schelkunoff, Woodward-Lawson and Tschebyscheff-error designs. 


c. Matlab computer program, designated Synthesis, for computing and displaying 
the radiation characteristics of 
e Schelkunoff 


e Fourier transform (line-source and linear array) 

e Woodward-Lawson (line-source and linear array) 

e Taylor (Tschebyscheff-error and One-parameter) synthesis designs. 
d. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


7.1. A three-element array is placed along the z-axis. Assuming the spacing between 


the elements is d = 4/4 and the relative amplitude excitation is equal to a; = 


1, a = 2, a3 = 1, 
(a) find the angles where the array factor vanishes when 6 = 0, 7/2, x, and 
37/2 


(b) plot the relative pattern for each array factor 
Use Schelkunoff's method. 


7.2. Design a linear array of isotropic elements placed along the z-axis such that 


7 


7 


the zeros of the array factor occur at 0 = 0°, 60°, and 120°. Assume that the 
elements are spaced 4/4 apart and that the progressive phase shift between 
them is 0°. 

(a) Find the required number of elements. 

(b) Determine their excitation coefficients. 

(c) Write the array factor. 

(d) Plot the array factor pattern to verify the validity of the design. 

Verify using the computer program Synthesis. 


.3. To minimize interference between the operational system, whose antenna is 
a linear array with elements placed along the z-axis, and other undesired 
sources of radiation, it is required that nulls be placed at elevation angles of 
0 = 0°, 60°, 120°, and 180°. The elements will be separated with a uniform 
spacing of 4/4. Choose a synthesis method that will allow you to design such 
an array that will meet the requirements of the amplitude pattern of the array 
factor. To meet the requirements: 

(a) Specify the synthesis method you will use. 
(b) Determine the number of elements. 
(c) Find the excitation coefficients. 


4. Itis desired to synthesize a discrete array of vertical infinitesimal dipoles placed 
along the z-axis with a spacing of d = 4/2 between the adjacent elements. It is 


7.5. 


7.6. 


7.7. 


7.8. 
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desired for the array factor to have nulls along 6 = 60°, 90°, and 120°. Assume 
there is no initial progressive phase excitation between the elements. To achieve 
this, determine: 

(a) number of elements. 

(b) excitation coefficients. 


(c) angles (in degrees) of all the nulls of the entire array (including of the actual 
elements). 


It is desired to synthesize a linear array of elements with spacing d = 34/8. 

It is important that the array factor (AF) exhibits nulls along 0 — 0, 90, and 

180 degrees. Assume there is no initial progressive phase excitation between 

the elements (1.e., 6 = 0). To achieve this design, determine: 

(a) The number of elements 

(b) The excitation coefficients (amplitude and phase) 
If the design allows the progressive phase shift (8) to change, while main- 
taining the spacing constant (d = 34./8), 

(c) What would it be the range of possible values for the progressive phase shift 
to cause the null at 0 — 90 degrees disappear (to place its corresponding 
root outside the visible region)? 


The z-plane array factor of an array of isotropic elements placed along the 
z-axis is given by 
AF = z(z^ — 1) 


Determine the 


(a) number of elements of the array. If there are any elements with zero exci- 
tation coefficients (null elements), so indicate 


(b) position of each element (including that of null elements) along the z axis 

(c) magnitude and phase (in degrees) excitation of each element 

(d) angles where the pattern vanishes when the total array length (including 
null elements) is 2A 

Verify using the computer program Synthesis. 


Repeat Problem 7.6 when 
AF = z(z? — 1) 


The z-plane array factor of an array of isotropic elements placed along the 
z-axis is given by (assume f = 0) 


AF(z) = (z + 1? 


Determine the 

(a) Number of elements of the discrete array to have such an array factor. 

(b) Normalized excitation coefficients of each of the elements of the array (the 
ones at the edges to be unity). 

(c) Classical name of the array design with these excitation coefficients. 


(d) Angles in theta (0 in degrees) of all the nulls of the array factor when the 
spacing d between the elements is d = 4/2. 
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7.9. 


7.10. 


7.11. 
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(e) Half-power beamwidth (in degrees) of the array factor when d = A/2. 
(f) Maximum directivity (dimensionless and in dB) of the array factor when 
d = AJ/2. 


The z-plane array factor of an array of isotropic elements placed along the 
Z-axis is given by (assume f = 0) 


AF(z) = (z + 1)4 


Determine the 
(a) Number of elements of the discrete array to have such an array factor. 


(b) Normalized excitation coefficients of each of the elements of the array (the 
ones at the edges to be unity). 


(c) Classical name of the array design with these excitation coefficients. 


(d) Angles in theta (0 in degrees) of all the nulls of the array factor when the 
spacing d between the elements is 


1. d= A9/4 
2. d = Ao/2 
(e) Half-power beamwidth (in degrees) of the array factor when d = 49/2. 
(f) Maximum directivity (dimensionless and in dB) of the array factor when 
d = Xo/2. 


The desired array factor in complex form (z-plane) of an array, with the ele- 
ments along the z-axis, is given by 


AF(z) = (^ — V22 22 — J2z + 1) = G + D — V2z + 1) 


-ees[(2- 5) s]- e|) 9) 


where z = x + jy in the complex z-plane. 

(a) Determine the number of elements that you will need to realize this 
array factor. 

(b) Determine all the roots of this array factor on the unity circle of the com- 
plex plane. 

(c) For a spacing of d = 4/4 and zero initial phase (f = 0), determine all the 
angles 0 (in degrees) where this pattern possesses nulls. 


The z-plane (z = x + jy) array factor of a linear array of elements placed along 
the z-axis, with a uniform spacing d between them and with 6 = 0, is given by 


AF = z(z2 + 1) 


Determine, analytically, the 
(a) number of elements of the array; 
(b) excitation coefficients; 


(c) all the roots of the array factor in the visible region only (0 < 0 < 180°) 
when d = 4/4; 


7.12. 


7.13. 


7.14. 


7.15. 


7.16. 


7.17. 


7.18. 
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(d) all the nulls of the array factor (in degrees) in the visible region only 
(0 < 6 < 180°) when d = 4/4. 
Verify using the computer program Synthesis. 


Repeat Example 7.2 when 


1 40° <@ « 140° 
O elsewhere 


SF(0) = | 


Verify using the computer program Synthesis. 


Repeat the Fourier transform design of Example 7.2 for a line-source along the 
z-axis whose sectoral pattern is given by 


1 60° <0 < 120° 
O elsewhere 


SF(0) = | 
Use 1 = 54 and 10A. Compare the reconstructed patterns with the desired one. 
Verify using the computer program Synthesis. 


Repeat the Fourier transform design of Problem 7.13 for a linear array with a 
spacing of d = A/2 between the elements and 


(a) N = 11 elements 
(b) N = 21 elements 


Repeat the design of Problem 7.13 using the Woodward-Lawson method for 
line sources. 


Repeat the design of Problem 7.14 using the Woodward-Lawson method for 
linear arrays for N = 10, 20. 


Design, using the Woodward-Lawson method, a line-source of / = 54 whose 
space factor pattern is given by 


SF(0) = sin? (0) 0° < 6 < 180° 


Determine the current distribution and compare the reconstructed pattern with 
the desired pattern. Verify using the computer program Synthesis. 


The desired Space Factor SF of a line-source of £ = 34 is the sectoral pattern of 


1 
—6 — 2, 60° < 0 < 90° 
30 35° = 
SF= 1 á j an 
~ 39° +4, 90 <@< 120" (@ is in degrees) 
0 elsewhere 


> 0 
60° 90° 120° 
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It is required to synthesize the desired pattern using the Woodward—Lawson 
method with odd samples. To accomplish this, determine analytically when 
£ = 35, the 

(a) number of samples; 

(b) all the angles (in degrees) where the SF is sampled; 

(c) all the excitation coefficients b,, at the sampling points. 

Verify using the computer program Synthesis. 


Repeat Problem 7.18 using the Woodward-Lawson method with even samples. 


Repeat the design of Problem 7.17 for a linear array of N = 10 elements with 
a spacing of d = 4/2 between them. 


In target-search, grounding-mapping radars, and in airport beacons it is desirable 
to have the echo power received from a target, of constant cross section, to be 
independent of its range R. 

Generally, the far-zone field radiated by an antenna is given by 


|F(0. 9) 
R 


where Cp is a constant. According to the geometry of the figure 


|ECR, 0, $)| R Co 


R=h/sin(@) = h csc (0) 


For a constant value of $, the radiated field expression reduces to 


|F(0. 6 = ¢o)| If (0)] 
|E(R. 0, $ = $o)| = Co = C 
A constant value of field strength can be maintained provided the radar is 


flying at a constant altitude h and the far-field antenna pattern is equal to 


f (0) = Co csc (6) 


This is referred to as a cosecant pattern, and it is used to compensate for the 
range variations. For very narrow beam antennas, the total pattern is approx- 
imately equal to the space or array factor. Design a line-source, using the 
Woodward-Lawson method, whose space factor is given by 


SF(0) = 


0.342 csc (0), 20° < 6 < 60° 
0 elsewhere 


Plot the synthesized pattern for | = 20A, and compare it with the desired pattern. 
Verify using the computer program Synthesis. 


Repeat the design of Problem 7.21 for a linear array of N = 41 elements with 
a spacing of d = 4/2 between them. 


7.23. 


7.24, 


7.25. 


7.26. 
7.27. 


7.28. 


7.29. 
7.30. 


7.31. 
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For some radar search applications, it is more desirable to have an antenna 
which has a square beam for 0 < 0 < 6, a cosecant pattern for 0) < 0 < On, 
and it is zero elsewhere. Design a line-source, using the Woodward-Lawson 
method, with a space factor of 


1 15° «0 < 20° 
SF(@) = { 0.342 csc (0) 20° < 6 < 60° 
0 elsewhere 


Plot the reconstructed pattern for l= 204, and compare it with the 
desired pattern. 


Repeat the design of Problem 7.23, using the Woodward-Lawson method, for 
a linear array of 41 elements with a spacing of d = 4/2 between them. 


Repeat Problem 7.18 for a linear array of £ = 34 with a spacing of d = 0.54 
between the elements. Replacing the space factor (SF) of Problem 7.18 with an 
array factor (AF) and using the Woodward-Lawson method with odd samples, 
determine analytically the 
(a) number of elements; 
(b) number of samples; 
(c) angles (in degrees) where the AF is sampled; 
(d) all the excitation coefficients b,, at the sampling points. 
(e) all the normalized excitation coefficients a, of the elements. 
Verify using the computer program Synthesis. 
Repeat Problem 7.25 using the Woodward-Lawson method with even samples. 


Design a Taylor (Tschebyscheff-error) line-source with a 

(a) —25 dB sidelobe level and 7 = 5 

(b) —20 dB sidelobe level and 7 = 10 

For each, find the half-power beamwidth and plot the normalized current dis- 
tribution and the reconstructed pattern when / = 10A. Verify using the com- 
puter program Synthesis. 


Derive (7-33) using (7-1), (7-32), and Gegenbauer’s finite integral and 
polynomials. 


Repeat the design of Example 7.7 for an array with | = 44, d = A/2, N — 9. 


Using a spacing of d = 4/4 between the elements, determine for a Taylor Line- 
Source (Tschebyscheff-error) of —30 dB, for n — 4 and an equivalent length 
equal to that of 20 discrete elements: 

(a) The half-power beamwidth (in degrees). 

(b) State whether the half-power beamwidth in Part a is larger or smaller than 
that of an equivalent design for a Dolph-Tschebyscheff array with the same 
sidelobe level. Explain as to why one is larger or smaller than the other. 

(c) The number of complete innermost minor lobes that would have approxi- 
mately equal sidelobe level. 


Design a broadside five-element, —40 dB sidelobe level Taylor (one-parameter) 
distribution array of isotropic sources. The elements are placed along the x-axis 
with a spacing of 4/4 between them. Determine the 
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(a) normalized excitation coefficients (amplitude and phase) of each element 
(b) array factor 
Verify using the computer program Synthesis. 


Given a continuous line-source, whose total length is 4A, design a symmetrical 
Taylor One-Parameter distribution array whose sidelobe is 35 dB down from 
the maximum of the major lobe. 

(a) Find the constant B. 

(b) For a spacing of à between the elements, find the number of discrete ele- 
ments needed to approximate the continuous source. Assume that the two 
extreme elements are placed at the edges of the continuous line source. 

(c) Find the total normalized coefficients (edge elements to be unity) of the dis- 
crete array of part (c). Identify the position of the corresponding elements. 

(d) Write the array factor of the discrete array of parts (c) and (d). 

Verify using the computer program Synthesis. 


Derive the space factors for uniform, triangular, cosine, and cosine-squared 
line-source continuous distributions. Compare with the results in Table 7.1. 


Compute the half-power beamwidth, first-null beamwidth, first sidelobe level 
(in dB), and directivity of a linear array of closely spaced elements with overall 
length of 44 when its amplitude distribution is 

(a) uniform (b) triangular 

(c) cosine (d) cosine-squared 


A nonuniform linear array with a triangular symmetrical distribution consists of 
seven discrete elements placed 4/2 apart. The total length (edge-to-edge with 
elements at the edges) of the array is | = 34. Determine the following: 

(a) Normalized amplitude excitation coefficients (maximum is unity). 

(b) Half-power beamwidth (in degrees). 

(c) Maximum directivity (dimensionless and in dB) for the triangular distribu- 
tion. 

(d) Maximum directivity (dimensionless and in dB) if the distribution were 
uniform. How does it compare with that of Part c? Is it smaller or larger, 
and by how many dB? 

(e) Maximum effective length (assuming that the distribution of the discrete 
array is the same as that of a continuous line-source) compared to physical 
length I: 

1. If the distribution is triangular. 
2. If the distribution is uniform. 

Synthesize a 7-element nonuniform array with symmetrical amplitude excitation 

and with uniform spacing between the elements. The desired amplitude distri- 

bution across the elements (relative to the center of the array) is cos? [i.e., 

cos? (r x'/ L)] where L is the total length of the array (the end elements are at 

the edges of the array length) and x' is the position of each element relative 
to the center of the array. The overall length L of the array is 3A. The end 
elements are at the edges of the array length. Determine the: 


(a) Spacing between the elements (in À). 


7.37. 


7.38. 
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(b) Normalized total amplitude coefficients of each of the elements (normalize 
them so that the amplitude of the center element is unity). Identify each of 
the element position and its corresponding normalized amplitude coefficient. 

(c) Approximate half-power beamwidth (in degrees). 

(d) Approximate maximum directivity (in dB). 


Derive the space factors for the uniform radial taper, and radial taper-squared 
circular aperture continuous distributions. Compare with the results in Table 7.2. 


Compute the half-power beamwidth, first-null beamwidth, first sidelobe level 
(in dB), and gain factor of a circular planar array of closely spaced elements, 
with radius of 24 when its amplitude distribution is 

(a) uniform (b) radial taper (c) radial taper-squared. 
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Integral Equations, Moment Method, and Self 
and Mutual Impedances 


8.1 INTRODUCTION 


In Chapter 2 it was shown, by the Thévenin and Norton equivalent circuits of 
Figures 2.27 and 2.28, that an antenna can be represented by an equivalent impedance 
ZalZa = (R, + Rt) + jXa]. The equivalent impedance is attached across two 
terminals (terminals a — b in Figures 2.27 and 2.28) which are used to connect the 
antenna to a generator, receiver, or transmission line. In general, this impedance 
is called the driving-point impedance. However, when the antenna is radiating in 
an unbounded medium, in the absence of any other interfering elements or objects, 
the driving-point impedance is the same as the self-impedance of the antenna. In 
practice, however, there is always the ground whose presence must be taken into 
account in determining the antenna driving-point impedance. The self- and driving- 
point impedances each have, in general, a real and an imaginary part. The real part is 
designated as the resistance and the imaginary part is called the reactance. 

The impedance of an antenna depends on many factors including its frequency of 
operation, its geometry, its method of excitation, and its proximity to the surround- 
ing objects. Because of their complex geometries, only a limited number of practical 
antennas have been investigated analytically. For many others, the input impedance 
has been determined experimentally. 

The impedance of an antenna at a point is defined as the ratio of the electric to 
the magnetic fields at that point; alternatively, at a pair of terminals, it is defined as 
the ratio of the voltage to the current across those terminals. There are many methods 
that can be used to calculate the impedance of an antenna [1]. Generally, these can be 
classified into three categories: (1) the boundary-value method, (2) the transmission- 
line method, and (3) the Poynting vector method. Extensive and brief discussions and 
comparisons of these methods have been reported [1], [2]. 

The boundary-value approach is the most basic, and it treats the antenna as a 
boundary-value problem. The solution to this is obtained by enforcing the boundary 
conditions (usually that the tangential electric-field components vanish at the conduct- 
ing surface). In turn, the current distribution and finally the impedance (ratio of applied 
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emf to current) are determined, with no assumptions as to their distribution, as solu- 
tions to the problem. The principal disadvantage of this method is that it has limited 
applications. It can only be applied and solved exactly on simplified geometrical shapes 
where the scalar wave equation is separable. 

The transmission-line method, which has been used extensively by Schelkunoff [3], 
treats the antenna as a transmission line, and it is most convenient for the biconical 
antenna. Since it utilizes tangential electric-field boundary conditions for its solution, 
this technique may also be classified as a boundary-value method. 

The basic approach to the Poynting vector method is to integrate the Poynting vector 
(power density) over a closed surface. The closed surface chosen is usually either a 
sphere of a very large radius r (r > 2D7/A where D is the largest dimension of the 
antenna) or a surface that coincides with the surface of the antenna. The large sphere 
closed surface method has been introduced in Chapters 4 and 5, but it lends itself 
to calculations only of the real part of the antenna impedance (radiation resistance). 
The method that utilizes the antenna surface has been designated as the induced emf 
method, and it has been utilized [4]—-[6] for the calculation of antenna impedances. 

The impedance of an antenna can also be found using an integral equation with 
a numerical technique solution, which is widely referred to as the Integral Equation 
Method of Moments [7]-[14]. This method, which in the late 1960s was extended to 
include electromagnetic problems, is analytically simple, it is versatile, but it requires 
large amounts of computation. The limitation of this technique is usually the speed 
and storage capacity of the computer. 

In this chapter the integral equation method, with a Moment Method numerical solu- 
tion, will be introduced and used first to find the self- and driving-point impedances, 
and mutual impedance of wire type of antennas. This method casts the solution for 
the induced current in the form of an integral (hence its name) where the unknown 
induced current density is part of the integrand. Numerical techniques, such as the 
Moment Method [7]—[14], can then be used to solve the current density. In particular 
two classical integral equations for linear elements, Pocklington's and Hallén's Inte- 
gral Equations, will be introduced. This approach is very general, and it can be used 
with today's modern computational methods and equipment to compute the character- 
istics of complex configurations of antenna elements, including skewed arrangements. 
For special cases, closed-form expressions for the self, driving-point, and mutual 
impedances will be presented using the induced emf method. This method is lim- 
ited to classical geometries, such as straight wires and arrays of collinear and parallel 
straight wires. 


8.2 INTEGRAL EQUATION METHOD 


The objective of the Integral Equation (IE) method for radiation or scattering is to 
cast the solution for the unknown current density, which is induced on the surface of 
the radiator/scatterer, in the form of an integral equation where the unknown induced 
current density is part of the integrand. The integral equation is then solved for the 
unknown induced current density using numerical techniques such as the Moment 
Method (MM). To demonstrate this technique, we will initially consider some specific 
problems. For introduction, we will start with an electrostatics problem and follow it 
with time-harmonic problems. 


INTEGRAL EQUATION METHOD 435 


8.2.1 Electrostatic Charge Distribution 


In electrostatics, the problem of finding the potential that is due to a given charge 
distribution is often considered. In physical situations, however, it is seldom possible 
to specify a charge distribution. Whereas we may connect a conducting body to a 
voltage source, and thus specify the potential throughout the body, the distribution of 
charge is obvious only for a few rotationally symmetric geometries. In this section we 
will consider an integral equation approach to solve for the electric charge distribution 
once the electric potential is specified. Some of the material here and in other sections 
is drawn from [15], [16]. 

From statics we know that a linear electric charge distribution o(r') creates an 
electric potential, V(r), according to [17] 


1 / 
V(r)- f PT) ay (8-1) 
An eo J source R 
(charge) 


where r'(x', y', z’) denotes the source coordinates, r(x, y, z) denotes the observation 
coordinates, dl’ is the path of integration, and R is the distance from any one point on 
the source to the observation point, which is generally represented by 


Rr, r) =r -=r = ya xH Oy E-z) (8-1a) 


We see that (8-1) may be used to calculate the potentials that are due to any known 
line charge density. However, the charge distribution on most configurations of practical 
interest, i.e., complex geometries, is not usually known, even when the potential on 
the source is given. It is the nontrivial problem of determining the charge distribution, 
for a specified potential, that is to be solved here using an integral equation-numerical 
solution approach. 


A. Finite Straight Wire 

Consider a straight wire of length / and radius a, placed along the y axis, as shown in 

Figure 8-1(a). The wire is given a normalized constant electric potential of 1 V. 
Note that (8-1) is valid everywhere, including on the wire itself (Vwire = 1 V). Thus, 

choosing the observation along the wire axis (x = z = 0) and representing the charge 

density on the surface of the wire, (8-1) can be expressed as 


1 1 / 
- f LOD Gy. o0 (8-2) 
4meo Jo R(y, y) 


where 


RO, y) = ROP) r=c20 = V — y? + [KY +? 
=V(y-y +a (8-2a) 
The observation point is chosen along the wire axis and the charge density is repre- 


sented along the surface of the wire to avoid R(y, y’) = 0, which would introduce a 
singularity in the integrand of (8-2). 
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Figure 8.1 Straight wire of constant potential and its segmentation. 


It is necessary to solve (8-2) for the unknown p(y’) (an inversion problem). 
Equation (8-2) is an integral equation that can be used to find the charge density p(y’) 
based on the 1-V potential. The solution may be reached numerically by reducing 
(8-2) to a series of linear algebraic equations that may be solved by conventional 
matrix equation techniques. To facilitate this, let us approximate the unknown charge 
distribution p(y’) by an expansion of N known terms with constant, but unknown, 


coefficients, that is, 
N 


pO) = Yo angry’) (8-3) 


n=1 


Thus, (8-2) may be written, using (8-3), as 


L 1 N 
Arey = | —— |Y ang 0’ dy 8-4 
Téo Í EGO bx &, ] y (8-4) 


Because (8-4) is a nonsingular integral, its integration and summation can be inter- 
changed, and it can be written as 


N 
Bn) 
4T Eo = a [ -<2 y (8-4a) 
2 vO- TI 
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The wire is now divided into N uniform segments, each of length A = //N, as 
illustrated in Figure 8.1(b). The g,,(y’) functions in the expansion (8-3) are chosen for 
their ability to accurately model the unknown quantity, while minimizing computation. 
They are often referred to as basis (or expansion) functions, and they will be discussed 
further in Section 8.4.1. To avoid complexity in this solution, subdomain piecewise 
constant (or “pulse”) functions will be used. These functions, shown in Figure 8.8, are 
defined to be of a constant value over one segment and zero elsewhere, or 


0 y'«(n—DA 
£y )—11 (G—-DAzxy nA (8-5) 
0 nA «y 


Many other basis functions are possible, some of which will be introduced later in 
Section 8.4.1. 

Replacing y in (8-4) by a fixed point such as y,, results in an integrand that is 
solely a function of y’, so the integral may be evaluated. Obviously, (8-4) leads to one 
equation with N unknowns a, written as 


^ / 2^ / 
aren =a | go») dy’ a; | gx) dius 
0 R(yn, y) ^ R(Ym, y) 


n^ / l 1 
EnO) , gn(y) ., 
+a f on dy ttan | ESLA 
(n-DA ROm, y) w-pa ROm, y) 


(8-6) 


In order to obtain a solution for these N amplitude constants, N linearly independent 
equations are necessary. These equations may be produced by choosing N observation 
points y,, each at the center of each A length element as shown in Figure 8.1(b). This 
results in one equation of the form of (8-6) corresponding to each observation point. 
For N such points, we can reduce (8-6) to 


A / l / 
sre =a | 810 4y eas | sn) dy’ 
0 ( 


R(y1, y) n-yna RO, y) 
: (8-62) 
TR [ rop ae eee [ an) gy 
o R(yw.y) a-pa RON, y) 
We may write (8-6a) more concisely using matrix notation as 
[Vm] = [Zmn Un] (8-7) 
where each Z,,, term is equal to 

i £^) 

(8-7a) 


n^ 


— Hsc A dy 
(n-DA ym — y? +a? 
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and 
Un] = [an] (8-7b) 


[Vin] = [47 €o]. (8-7c) 


The V, column matrix has all terms equal to 47reo, and the 7, = a, values are the 
unknown charge distribution coefficients. Solving (8-7) for [/,] gives 


[n] = lan] = Zo [Vm] (8-8) 


Either (8-7) or (8-8) may readily be solved on a digital computer by using any of a 
number of matrix inversion or equation solving routines. Whereas the integral involved 
here may be evaluated in closed form by making appropriate approximations, this 
is not usually possible with more complicated problems. Efficient numerical integral 
computer subroutines are commonly available in easy-to-use forms. 

One closed-form evaluation of (8-7a) is to reduce the integral and represent it by 


A ; AN? 
2n| ; * y^ tla m=n (8-9a) 
a 
Zinn = d. ES [d 5,» +a]! 
[eer eqs] Anbe? 9b 
En 
in( an) Im —n| >2 (8-99) 
dinn 
where A 
di, =n +Ê (8-9d) 
ER INE (8-9e) 
db e -9e 
mn 2 


lm is the distance between the mth matching point and the center of the nth source point. 

In summary, the solution of (8-2) for the charge distribution on a wire has been 
accomplished by approximating the unknown with some basis functions, dividing the 
wire into segments, and then sequentially enforcing (8-2) at the center of each segment 
to form a set of linear equations. 

Even for the relatively simple straight wire geometry we have discussed, the exact 
form of the charge distribution is not intuitively apparent. To illustrate the principles 
of the numerical solution, an example is now presented. 


Example 8.1 


A 1-m long straight wire of radius a = 0.001 m is maintained at a constant potential of 1 V. 
Determine the linear charge distribution on the wire by dividing the length into 5 and 20 
uniform segments. Assume subdomain pulse basis functions. 
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Solution: 


1. N — 5. When the 1-m long wire is divided into five uniform segments each 
of length A = 0.2 m, (8-7) reduces to 


10.60 1.10 0.51 0.34 0.257 Ta 1.11 x 10710 
1.10 1060 1.10 0.51 0.34 az 1.11 x 10-19 
0.51 1.10 10.60 1.10 D SEIN Ens |= 
0.34 0.51 1.10 10.60 1.10 || a, ; 

0.25 0.34 0.51 1.10 10.60] Las 1.11 x 107° 


Charge density (pC/m) 


0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 
Length (m) 
(a)N=5 


Charge density (pC/m) 


7 l l l l l l l l l 
0 01 02 03 04 05 06 07 08 0.9 1.0 


Length (m) 
(b) N 2 20 


Figure 8.2 Charge distribution on a 1-m straight wire at 1 V. 
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Inverting this matrix leads to the amplitude coefficients and subsequent charge 
distribution of 


a, = 8.81pC/m 
a = 8.09pC/m 
az = 7.97 pC/m 
a4 = 8.09pC/m 
as = 8.81pC/m 


The charge distribution is shown in Figure 8.2(a). 

2. N = 20. Increasing the number of segments to 20 results in a much smoother 
distribution, as shown plotted in Figure 8.2(b). As more segments are used, a 
better approximation of the actual charge distribution is attained, which has 
smaller discontinuities over the length of the wire. 


B. Bent Wire 
In order to illustrate the solution of a more complex structure, let us analyze a body 
composed of two noncollinear straight wires; that is, a bent wire. If a straight wire is 
bent, the charge distribution will be altered, although the solution to find it will differ 
only slightly from the straight wire case. We will assume a bend of angle a, which 
remains on the yz-plane, as shown in Figure 8.3. 

For the first segment l; of the wire, the distance R can be represented by (8-2a). 
However, for the second segment /) we can express the distance as 


R-y/(-yYtG-zY (8-10) 


Also because of the bend, the integral in (8-7a) must be separated into two parts of 


l / l / 
! ps) f | 52 t 
Linn — dl dl 8-11 
[ gar] P (8-11) 
z P 
@ 
l2 
l Ue 


Figure 8.3 Geometry for bent wire. 
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where /; and l are measured along the corresponding straight sections from their 
left ends. 


Example 8.2 


Repeat Example 8.1 assuming that the wire has been bent 90° at its midpoint. Subdivide the 
wire into 20 uniform segments. 

Solution: The charge distribution for this case, calculated using (8-10) and (8-11), is plot- 
ted in Figure 8.4 for N = 20 segments. Note that the charge is relatively more concentrated 
near the ends of this structure than was the case for a straight wire of Figure 8.2(b). Further, 
the overall density, and thus capacitance, on the structure has decreased. 
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Figure 8.4 Charge distribution on a 1-m bent wire (a = 90°, N = 20). 


Arbitrary wire configurations, including numerous ends and even curved sections, 
may be analyzed by the methods already outlined here. As with the simple bent wire, 
the only alterations generally necessary are those required to describe the geometry 
analytically. 


8.2.2 Integral Equation 


Equation (8-2) for the 1-V potential on a wire of length / is an integral equation, which 
can be used to solve for the charge distribution. Numerically this is accomplished using 
a method, which is usually referred to as Moment Method or Method of Moments 
[7]-[14]. To solve (8-2) numerically the unknown charge density p(y’) is represented 
by N terms, as given by (8-3). In (8-3) g,(y’) are a set of N known functions, usually 
referred to as basis or expansion functions, while a, represents a set of N constant, but 
unknown, coefficients. The basis or expansion functions are chosen to best represent 
the unknown charge distribution. 

Equation (8-2) is valid at every point on the wire. By enforcing (8-2) at N discrete 
but different points on the wire, the integral equation of (8-2) is reduced to a set of N 
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linearly independent algebraic equations, as given by (8-6a). This set is generalized by 
(8-7)-(8-7c), which is solved for the unknown coefficients a, by (8-8) using matrix 
inversion techniques. Since the system of N linear equations each with N unknowns, 
as given by (8-6a)—(8-8), was derived by applying the boundary condition (constant 
1-V potential) at N discrete points on the wire, the technique is referred to as point- 
matching (or collocation) method [7], [8]. Thus, by finding the elements of the [V] 
and [Z], and then the inverse [Z]~! matrices, we can then determine the coefficients 
a, of the [7] matrix using (8-8). This in turn allows us to approximate the charge 
distribution p(y’) using (8-3). This was demonstrated by Examples 8.1 and 8.2 for the 
straight and bent wires, respectively. 

In general, there are many forms of integral equations. For time-harmonic electro- 
magnetics, two of the most popular integral equations are the electric-field integral 
equation (EFIE) and the magnetic field integral equation (MFIE) [14]. The EFIE 
enforces the boundary condition on the tangential electric field while the MFIE enforces 
the boundary condition on the tangential components of the magnetic field. The EFIE 
is valid for both closed or open surfaces while the MFIE is valid for closed sur- 
faces. These integral equations can be used for both radiation and scattering problems. 
Two- and three-dimensional EFIE and MFIE equations for TE and TM polariza- 
tions are derived and demonstrated in [14]. For radiation problems, especially wire 
antennas, two popular EFIEs are the Pocklington Integral Equation and the Hallén 
Integral Equation. Both of these will be discussed and demonstrated in the section 
that follows. 


8.3 FINITE DIAMETER WIRES 


In this section we want to derive and apply two classic three-dimensional integral 
equations, referred to as Pocklington’s integrodifferential equation and Hallén’s inte- 
gral equation [18]-[26], that can be used most conveniently to find the current 
distribution on conducting wires. Hallén’s equation is usually restricted to the use of a 
delta-gap voltage source model at the feed of a wire antenna. Pocklington’s equation, 
however, is more general and it is adaptable to many types of feed sources (through 
alteration of its excitation function or excitation matrix), including a magnetic frill [27]. 
In addition, Hallén's equation requires the inversion of an N + 1 order matrix (where 
N is the number of divisions of the wire) while Pocklington's equation requires the 
inversion of an N order matrix. 

For very thin wires, the current distribution is usually assumed to be of sinu- 
soidal form as given by (4-56). For finite diameter wires (usually diameters d of 
d > 0.054), the sinusoidal current distribution is representative but not accurate. To 
find a more accurate current distribution on a cylindrical wire, an integral equation is 
usually derived and solved. Previously, solutions to the integral equation were obtained 
using iterative methods [20]; presently, it is most convenient to use moment method 
techniques [7]- [9]. 

If we know the voltage at the feed terminals of a wire antenna and find the current 
distribution, the input impedance and radiation pattern can then be obtained. Similarly, 
if a wave impinges upon the surface of a wire scatterer, it induces a current density that 
in turn is used to find the scattered field. Whereas the linear wire is simple, most of the 
information presented here can be readily extended to more complicated structures. 
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8.9.1 Pocklington's Integral Equation 


To derive Pocklington's integral equation, refer to Figure 8.5. Although this derivation 
is general, it can be used either when the wire is a scatterer or an antenna. Let us 
assume that an incident wave impinges on the surface of a conducting wire, as shown 
in Figure 8.5(a), and it is referred to as the incident electric field E! (r). When the wire 
is an antenna, the incident field is produced by the feed source at the gap, as shown in 
Figure 8.7. Part of the incident field impinges on the wire and induces on its surface a 
linear current density Js (amperes per meter). The induced current density J, reradiates 
and produces an electric field that is referred to as the scattered electric field E*(r). 
Therefore, at any point in space the total electric field E'(r) is the sum of the incident 
and scattered fields, or 

E'(r) = EŻ (r) + Er) (8-12) 


where 


E'(r) = total electric field 
Ei(r) = incident electric field 
E‘(r) = scattered electric field 


When the observation point is moved to the surface of the wire (r = rs) and the 
wire is perfectly conducting, the total tangential electric field vanishes. In cylindrical 
coordinates, the electric field radiated by the dipole has a radial component (£,) and 
a tangential component (E.). These are represented by (8-55a) and (8-55b). Therefore 
on the surface of the wire the tangential component of (8-12) reduces to 


E! (r =r) = Eir =r) + Eir =r5) =0 (8-13) 


or 


E; =r,) = -Ei = rs) (8-13a) 
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Figure 8.5 Uniform plane wave obliquely incident on a conducting wire. 
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In general, the scattered electric field generated by the induced current density J, is 
given by (3-15), or 


1 
E*(r) = —jwA — j—V (V - A) 
WILE 
1 
= -j——[KE^A + V(V - A)] (8-14) 
[03 


However, for observations at the wire surface only the z component of (8-14) is needed, 
and we can write it as 


1 92A 
E:r) = -j—— (e^. + =) (8-15) 
OLE Oz 
According to (3-51) and neglecting edge effects 
7 eR è y pH T en iR Je 
A, = — J,— ds = — J, dod 8-16 
i 4r II : R : 4r =1/2 0 "OR s i a ( ) 


If the wire is very thin, the current density J, is not a function of the azimuthal 
angle @, and we can write it as 


1 
2naJ, = L(z) >J = — I,(z’) (8-17) 
2za 


where /,(z’) is assumed to be an equivalent filament line-source current located a radial 
distance p — a from the z axis, as shown in Figure 8.6(a). Thus (8-16) reduces to 


m 41/2 1 2x e JR 
A. | f I.(z)) a aw dz (8-18) 
0 


R-y(x—-xY--Qy-yYrG-zy 
= y (p? + a? — 2pa cos($ — $') + (z — 2/7 (8-18a) 


where p is the radial distance to the observation point and a is the radius. 

Because of the symmetry of the scatterer, the observations are not a function of $. 
For simplicity, let us then choose ¢ = 0. For observations on the surface p = a of the 
scatterer (8-18) and (8-18a) reduce to 


41/2 1 2m Q—jkR 
A-(p =a) = Ley = dd’ | dz 
z(p = a) wf (= f IFR 4) z 


+/2 
= wf L(z)G(, z^) dz (8-19) 
-1J2 
1 2x e J*8 
G(z, z) = — —— dq’ 8-19 
Ge) = | 4r R 9 ( a) 


1 


R(p = a) = | 4a? sin? (5) cTG-zy (8-19b) 
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Figure 8.6 Dipole segmentation and its equivalent current. 
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Thus for observations at the surface o — a of the scatterer, the z component of the 


scattered electric field can be expressed as 
1 d? 41/2 
E; =a) =-j— |P + | I (z)G, z’) dz’ 
i wE dz —1/2 
which by using (8-13a) reduces to 
1 d? 1/2 . 

ex [> + e) f L(z)G(, z)dz = —E} (p = a) 
-1/2 


or 


qi +1/2 
(5 + e) J L.(z)G(z, z)dz = —jweE(p = a) 
=1/2 


Interchanging integration with differentiation, we can rewrite (8-21a) as 


41/2 32 l 
J L(z') Is + e) G(z, o| dz = — jwe E! (p =a) 
-1/2 


Oz 


where G(z, z’) is given by (8-192). 


(8-20) 


(8-21) 


(8-21a) 


(8-22) 


Equation (8-22) is referred to as Pocklington's integral equation [1], and it can be 
used to determine the equivalent filamentary line-source current of the wire, and thus 
current density on the wire, by knowing the incident field on the surface of the wire. 
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If we assume that the wire is very thin (a < A) such that (8-19a) reduces to 


e iR 


4r R 


G(z, z") = G(R) = (8-23) 


(8-22) can also be expressed in a more convenient form as [22] 


4z R5 


41/2 PES: 
! Iz) — IU + jER)QR? — 3a^) + (kaR)"] dz’ = —jecE:(o = a) 
—1/2 


(8-24) 
where for observations along the center of the wire (p = 0) 


R = ya? + (z — z’)? (8-24a) 


In (8-22) or (8-24), /,(z’) represents the equivalent filamentary line-source current 
located on the surface of the wire, as shown in Figure 8.5(b), and it is obtained by 
knowing the incident electric field on the surface of the wire. By point-matching 
techniques, this is solved by matching the boundary conditions at discrete points on 
the surface of the wire. Often it is easier to choose the matching points to be at the 
interior of the wire, especially along the axis as shown in Figure 8.6(a), where 1; (z^) is 
located on the surface of the wire. By reciprocity, the configuration of Figure 8.6(a) is 
analogous to that of Figure 8.6(b) where the equivalent filamentary line-source current 
is assumed to be located along the center axis of the wire and the matching points 
are selected on the surface of the wire. Either of the two configurations can be used 
to determine the equivalent filamentary line-source current /; (z^); the choice is left to 
the individual. 


8.3.2 Hallén's Integral Equation 


Referring again to Figure 8.5(a), let us assume that the length of the cylinder is much 
larger than its radius (/ >> a) and its radius is much smaller than the wavelength 
(a < i) so that the effects of the end faces of the cylinder can be neglected. Therefore 
the boundary conditions for a wire with infinite conductivity are those of vanishing 
total tangential E fields on the surface of the cylinder and vanishing current at the ends 
of the cylinder [/,(z’ = 1/2) = 0]. 

Since only an electric current density flows on the cylinder and it is directed along 
the z axis (J = â, J.), then according to (3-14) and (3-51) A = 4,A,(z’), which for 
small radii is assumed to be only a function of z’. Thus (3-15) reduces to 


i Acts 
E, = —joA,— j—— = —j— + o? ueA; (8-25) 


wue 3z? j wue 


Since the total tangential electric field E! vanishes on the surface of the cylinder, (8-25) 


reduces to : 
d-A 
—=+kA,=0 (8-25a) 
dz? 
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Because the current density on the cylinder is symmetrical [J,(z’) = J,(—z’)], the 
potential A, is also symmetrical (i.e., Az(z’) = Az;(—z)]. Thus the solution of (8-25a) 
is given by 

A,(z) = —j./pe[B, cos(kz) + C, sin(k|z|)] (8-26) 


where B, and C, are constants. For a current-carrying wire, its potential is also given 
by (3-53). Equating (8-26) to (3-53) leads to 


dz' = -i fm cos(kz) + Ci sin(k|z|)] (8-27) 


If a voltage V; is applied at the input terminals of the wire, it can be shown that the 
constant C, = V;/2. The constant B, is determined from the boundary condition that 
requires the current to vanish at the end points of the wire. 

Equation (8-27) is referred to as Hallén's integral equation for a perfectly conduct- 
ing wire. It was derived by solving the differential equation (3-15) or (8-25a) with the 
enforcement of the appropriate boundary conditions. 


8.9.8 Source Modeling 


Let us assume that the wire of Figure 8.5 is symmetrically fed by a voltage source, 
as shown in Figure 8.7(a), and the element is acting as a dipole antenna. To use, 
for example, Pocklington's integrodifferential equation (8-22) or (8-24) we need to 
know how to express E! (p = a). Traditionally there have been two methods used 
to model the excitation to represent E! (e =a,0<¢@ x2m,—l/2 € z < H/2) at all 
points on the surface of the dipole: One is referred to as the delta-gap excitation 
and the other as the equivalent magnetic ring current (better known as magnetic-frill 
generator) [27]. 


A. Delta Gap 

The delta-gap source modeling is the simplest and most widely used of the two, but 
it is also the least accurate, especially for impedances. Usually it is most accurate for 
smaller width gaps. Using the delta gap, it is assumed that the excitation voltage at 
the feed terminals is of a constant V; value and zero elsewhere. Therefore the incident 
electric field EŻ (p =a,0 < ġ < 2x, —l/2 € z < +1/2) is also a constant (V,/A where 
A is the gap width) over the feed gap and zero elsewhere, hence the name delta gap. 
For the delta-gap model, the feed gap A of Figure 8.7(a) is replaced by a narrow band 
of strips of equivalent magnetic current density of 


^ i 2 a Vs a V 
M, = —û x E' = —â, x 8, = ag — — 


PX (8-28) 


The magnetic current density M, is sketched in Figure 8.7(a). 
B. Magnetic-Frill Generator 


The magnetic-frill generator was introduced to calculate the near- as well as the far- 
zone fields from coaxial apertures [27]. To use this model, the feed gap is replaced 
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Figure 8.7 Cylindrical dipole, its segmentation, and gap modeling. 


with a circumferentially directed magnetic current density that exists over an annular 
aperture with inner radius a, which is usually chosen to be the radius of the wire, 
and an outer radius b, as shown in Figure 8.7(b). Since the dipole is usually fed 
by transmission lines, the outer radius b of the equivalent annular aperture of the 
magnetic-frill generator is found using the expression for the characteristic impedance 
of the transmission line. 

Over the annular aperture of the magnetic-frill generator, the electric field is repre- 
sented by the TEM mode field distribution of a coaxial transmission line given by 


V, 


E; = â, —— 
f= 505 y In(b/a) 


axptzb (8-29) 
where V, is the voltage supplied by the source. The 1/2 factor is used because it is 
assumed that the source impedance is matched to the input impedance of the antenna. 
The 1/2 should be replaced by unity if the voltage V; present at the input connection to 
the antenna is used, instead of the voltage V, supplied by the source. 

Therefore the corresponding equivalent magnetic current density My for the 
magnetic-frill generator used to represent the aperture is equal to 


V, 


yin a< <b 8-30 
"omoa TP = POM 


M; = —2üxE;-—-2à, x à, E, = — 
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The fields generated by the magnetic-frill generator of (8-30) on the surface of the 
wire are found by using [27] 


l l 
E! =a,0<¢@<2n7,-~<z<- 
(0 a,0O<@¢<2n TIED) 


k(b? — a?)e-J*Ro 1 i b? — a? 
Ve eae ee 1 lee S E 7 
8 In(b/a) R2 ER, 2R? 
a? 1 (D? 4- a?) 2 
ES | eee pec E ee 
Ro [c : ( 2R )) ( Á x.) 


d (+ 2 (8-31) 
kRl 7^ OR f 


Ro = Vz +a? (8-31a) 


The fields generated on the surface of the wire computed using (8-31) can be 
approximated by those found along the axis (o = 0). Doing this leads to a simpler 
expression of the form [27] 


l l V. e FRR e Jf 
E! =0,—- < er ERO ae — — 8-32 
z (; 272 <5 5) | R; Ro | : ! 


where 


where 


Ri =V24+a2 (8-32a) 
Ra = V2 +b? (8-32b) 


To compare the results using the two-source modelings (delta-gap and magnetic-frill 
generator), an example is performed. 


Example 8.3 


For a center-fed linear dipole of / = 0.47A and a = 0.0052, determine the induced voltage 
along the length of the dipole based on the incident electric field of the magnetic frill of 
(8-32). Subdivide the wire into 21 segments (N = 21). Compare the induced voltage distri- 
bution based on the magnetic frill to that of the delta gap. Assume a 50-ohm characteristic 
impedance with free-space between the conductors for the annular feed. 

Solution: Since the characteristic impedance of the annular aperture is 50 ohms, then 


Ze Een SUE) 
€0 27 a 


Subdividing the total length (J = 0.471) of the dipole to 21 segments makes 


A= ee 0.02244. 
EET E 
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Using (8-32) to compute B the corresponding induced voltages obtained by multiplying 
the value of — E? at each segment by the length of the segment are listed in Table 8.1, where 
they are compared with those of the delta gap. In Table 8.1 n = 1 represents the outermost 
segment and n — 11 represents the center segment. Because of the symmetry, only values for 
the center segment and half of the other segments are shown. Although the two distributions 
are not identical, the magnetic-frill distribution voltages decay quite rapidly away from the 
center segment and they very quickly reach almost vanishing values. 


TABLE 8.1 Unnormalized and Normalized Dipole Induced Voltage’ Differences 
for Delta-Gap and Magnetic-Frill Generator (J = 0.47X,a = 0.005X,N = 21) 


Scomeit Delta-Gap Voltage Magnetic-Frill Generator Voltage 

Number Unnor- Normal- 
n malized ized Unnormalized Normalized 
1 0 0 1.11 x 1074 —26.03° 7.30x 10 —26.03° 
2 0 (0) 1.42 x 1074 —20.87° 9.34 x 1075 —20.87° 
3 (0) (0) 1.89 x 1074 —16.13° 1.24 x 1074 —16.13° 
4 (0) 0 2.62 x 1074 —11.90° 1.72x 10-4 —11.90° 
5 (0) (0) 3.88 x 1074 —8.23° 2.55 x 10-4 —8.23° 
6 0 0 6.23 x 1074 —5.22? 4.10 x 1074 —5.22° 
7 0 0 1.14 x 10? —2.91° 7.50 x 107^ —2.91° 
8 0 0 2.52x 1073 —1.33° 1.66x10? —1.33° 
9 0 0 7.89x 1073 . —043* 5.19x10? —0.43° 
10 0 0 5.25 x 10? —0.06° 3.46 x 10? —0.06° 
11 1 1 1.52 0° 1.0 0° 


* Voltage differences as defined here represent the product of the incident electric field at the center 
of each segment and the corresponding segment length. 


8.4 MOMENT METHOD SOLUTION 


Equations (8-22), (8-24), and (8-27) each has the form of 


F(g)=h (8-33) 


where F is a known linear operator, h is a known excitation function, and g is the 
response function. For (8-22) F is an integrodifferential operator while for (8-24) and 
(8-27) it is an integral operator. The objective here is to determine g once F and h 
are specified. 

While the inverse problem is often intractable in closed form, the linearity of the 
operator F makes a numerical solution possible. One technique, known as the Moment 
Method [7]- [14] requires that the unknown response function be expanded as a linear 
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combination of N terms and written as 


N 
g) = agi) tangle’) +++ angul) = augu) (8-34) 


n=1 


Each a, is an unknown constant and each g,(z’) is a known function usually referred 
to as a basis or expansion function. The domain of the g,(z’) functions is the same as 
that of g(z’). Substituting (8-34) into (8-33) and using the linearity of the F operator 
reduces (8-33) to 

N 

3 anF (Bn) =h (8-35) 


n=1 


The basis functions g, are chosen so that each F(g,) in (8-35) can be evaluated 
conveniently, preferably in closed form or at the very least numerically. The only task 
remaining then is to find the a, unknown constants. 

Expansion of (8-35) leads to one equation with N unknowns. It alone is not suf- 
ficient to determine the N unknown a, (n — 1,2,..., N) constants. To resolve the 
N constants, it is necessary to have N linearly independent equations. This can be 
accomplished by evaluating (8-35) (e.g., applying boundary conditions) at N different 
points. This is referred to as point-matching (or collocation). Doing this, (8-35) takes 


the form of 
N 


S Fn) mur m=1,2,...,N (8-36) 


n=1 


In matrix form, (8-36) can be expressed as 


[Zinn Un] = [Va] (8-37) 
where 
Zmn = F (gn) (8-37a) 
Tn = An (8-37b) 
ydus. (8-37c) 


The unknown coefficients a, can be found by solving (8-37) using matrix inversion 
techniques, or 
Un} = Zinn [Vn] (8-38) 


8.4.4 Basis Functions 


One very important step in any numerical solution is the choice of basis functions. In 
general, one chooses as basis functions the set that has the ability to accurately represent 
and resemble the anticipated unknown function, while minimizing the computational 
effort required to employ it [28]-[30]. Do not choose basis functions with smoother 
properties than the unknown being represented. 

Theoretically, there are many possible basis sets. However, only a limited number 
are used in practice. These sets may be divided into two general classes. The first class 
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consists of subdomain functions, which are nonzero only over a part of the domain of 
the function g(x’); its domain is the surface of the structure. The second class contains 
entire-domain functions that exist over the entire domain of the unknown function. The 
entire-domain basis function expansion is analogous to the well-known Fourier series 
expansion method. 


A. Subdomain Functions 

Of the two types of basis functions, subdomain functions are the most common. Unlike 
entire-domain bases, they may be used without prior knowledge of the nature of the 
function that they must represent. 

The subdomain approach involves subdivision of the structure into N nonoverlap- 
ping segments, as illustrated on the axis in Figure 8.8(a). For clarity, the segments are 
shown here to be collinear and of equal length, although neither condition is neces- 
sary. The basis functions are defined in conjunction with the limits of one or more of 
the segments. 

Perhaps the most common of these basis functions is the conceptually simple piece- 
wise constant, or “pulse” function, shown in Figure 8.8(a). It is defined by 


Piecewise Constant 
/ / / 
Xn—1 <x S Xn 


/ 
n(x) = (8-39) 
O elsewhere 
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(c) Function representation 


Figure 8.8 Piecewise constant subdomain functions. 
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Once the associated coefficients are determined, this function will produce a staircase 
representation of the unknown function, similar to that in Figures 8.8(b) and (c). 

Another common basis set is the piecewise linear, or “triangle,” functions seen in 
Figure 8.9(a). These are defined by 


Piecewise Linear 


Fé 
x'—x 
-1 
n D AE < x! < x! 
x! — x! " 
n n—l1 
gx )-21xL4,-x (8-40) 
n+l / / / 
———— XQEX €X,4 
x’ EN x! n — — “n+ 
n+l n 
0 elsewhere 


and are seen to cover two segments, and overlap adjacent functions [Figure 8.9(b)]. 
The resulting representation [Figure 8.9(c)] is smoother than that for "pulses," but at 
the cost of increased computational complexity. 

Increasing the sophistication of subdomain basis functions beyond the level of the 
"triangle" may not be warranted by the possible improvement in accuracy. However, 
there are cases where more specialized functions are useful for other reasons. For 
example, some integral operators may be evaluated without numerical integration when 
their integrands are multiplied by a sin(kx’) or cos(kx’) function, where x’ is the vari- 
able of integration. In such examples, considerable advantages in computation time and 
resistance to errors can be gained by using basis functions like the piecewise sinusoid 
of Figure 8.10 or truncated cosine of Figure 8.11. These functions are defined by 


A 
! 89 (x) 
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(c) Function representation 


Figure 8.9 Piecewise linear subdomain functions. 
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Figure 8.11 Truncated cosines subdomain functions. 
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Piecewise Sinusoid td jo 
sin[k(x' — x 
: l ! / = l ae = x' ES X, 
sin[k(x; — x, ,)] 


n(x") =} sinkG;,—x)] , (8-41) 
Se on deor qu 
sin[k(x, , , — x/,)] 
0 elsewhere 


Truncated Cosine 


X; = X53 
: cos | k | x — ———— Kap Ss EX 
Sn (x ) = 2 (8-42) 


0 elsewhere 


B. Entire-Domain Functions 
Entire-domain basis functions, as their name implies, are defined and are nonzero over 
the entire length of the structure being considered. Thus no segmentation is involved 
in their use. 

A common entire-domain basis set is that of sinusoidal functions, where 


Entire Domain 


(8-43) 


NIS 


(2n — Dzx' l 
-—— 


m ope 
l 


— 


Note that this basis set would be particularly useful for modeling the current distribu- 
tion on a wire dipole, which is known to have primarily sinusoidal distribution. The 
main advantage of entire-domain basis functions lies in problems where the unknown 
function is assumed a priori to follow a known pattern. Such entire-domain functions 
may render an acceptable representation of the unknown while using far fewer terms in 
the expansion of (8-34) than would be necessary for subdomain bases. Representation 
of a function by entire-domain cosine and/or sine functions is similar to the Fourier 
series expansion of arbitrary functions. 

Because we are constrained to use a finite number of functions (or modes, as they are 
sometimes called), entire-domain basis functions usually have difficulty in modeling 
arbitrary or complicated unknown functions. 

Entire-domain basis functions, sets like (8-43), can be generated using Tscheby- 
scheff, Maclaurin, Legendre, and Hermite polynomials, or other convenient functions. 


8.4.2 Weighting (Testing) Functions 


To improve the point-matching solution of (8-36), (8-37), or (8-38) an inner product 
(w, g) can be defined which is a scalar operation satisfying the laws of 


(w, 8) = (8, w) (8-44a) 
(bf + cg, w) = bi - w) + c(g, w) (8-44b) 
(g",g)>0 ifg #0 (8-44c) 
(g*,g) = if g=0 (8-44d) 
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where b and c are scalars and the asterisk (*) indicates complex conjugation. A typical, 


but not unique, inner product is 
= [fw -gds (8-45) 


where the w’s are the weighting (testing) functions and S is the surface of the structure 
being analyzed. Note that the functions w and g can be vectors. This technique is better 
known as the Moment Method or Method of Moments (MM) [7], [8]. 

The collocation (point-matching) method is a numerical technique whose solutions 
satisfy the electromagnetic boundary conditions (e.g., vanishing tangential electric 
fields on the surface of an electric conductor) only at discrete points. Between these 
points the boundary conditions may not be satisfied, and we define the deviation as 
a residual (e.g., residual = AE|tan = E(scattered)|tan + E(incident)|tan Æ 0 on the sur- 
face of an electric conductor). For a half-wavelength dipole, a typical residual is shown 
in Figure 8.12(a) for pulse basis functions and point-matching and Figure 8.12(b) 
exhibits the residual for piecewise sinusoids-Galerkin method [31]. As expected, the 
pulse basis point-matching exhibits the most ill-behaved residual and the piecewise 
sinusoids-Galerkin method indicates an improved residual. To minimize the residual 
in such a way that its overall average over the entire structure approaches zero, the 
method of weighted residuals is utilized in conjunction with the inner product of (8-45). 
This technique, referred to as the Moment Method (MM), does not lead to a vanish- 
ing residual at every point on the surface of a conductor, but it forces the boundary 
conditions to be satisfied in an average sense over the entire surface. 

To accomplish this, we define a set of N weighting (or testing) functions {Wm} = 
w1, W2,..., Wy in the domain of the operator F. Forming the inner product between 
each of these functions, (8-35) results in 


N 
DO Cre 29) gaat eee) aa ee N (8-46) 
n=1 

This set of N equations may be written in matrix form as 

[Finn Lan] = [hn] (8-47) 
where 


(wi, F(g))) (wi, F(g2)) 


[Fin] = | (w2 F(gi) (w2, F(g2)) (8-47a) 
ai (w1, h) 
a (w2, h) 

[anJ=]| . [An] = . (8-47b) 
an (ww, h) 


The matrix of (8-47) may be solved for the a, by inversion, and it can be written as 


[an] = [Enn] [hm] (8-48) 
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Figure 8.12 Tangential electric field on the conducting surface of a 4/2 dipole. (source: E. K. 
Miller and F. J. Deadrick, “Some computational aspects of thin-wire modeling" in Numerical 
and Asymptotic Techniques in Electromagnetics, 1975, Springer-Verlag). 
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The choice of weighting functions is important in that the elements of (w,) must 
be linearly independent, so that the N equations in (8-46) will be linearly independent 
[7]-[9], [29], [30]. Further, it will generally be advantageous to choose weighting 
functions that minimize the computations required to evaluate the inner product. 

The condition of linear independence between elements and the advantage of com- 
putational simplicity are also important characteristics of basis functions. Because of 
this, similar types of functions are often used for both weighting and expansion. A 
particular choice of functions may be to let the weighting and basis function be the 
same, that is, w, = g,. This technique is known as Galerkin’s method [32]. 

It should be noted that there are N? terms to be evaluated in (8-47a). Each term 
usually requires two or more integrations; at least one to evaluate each F(g,) and 
one to perform the inner products of (8-45). When these integrations are to be done 
numerically, as is often the case, vast amounts of computation time may be necessary. 
There is, however, a unique set of weighting functions that reduce the number of 
required integrations. This is the set of Dirac delta weighting functions 


[Wm] = [8(p — pm)] = [5(p — pi), 9p — p2), -- (8-49) 


where p specifies a position with respect to some reference (origin) and p,, represents 
a point at which the boundary condition is enforced. Using (8-45) and (8-49) reduces 
(8-46) to 


(&(p — Pm), h) = 3 an (ôP — pu) F(8n)) m= 1,2,...,N 


[[ o pdb ds = Doan [ [9o - pm) Flan) ds m-t.sv 8-50 
OP BU UCS TENE RE 


Hence, the only remaining integrations are those specified by F(g,). This simplification 
may lead to solutions that would be impractical if other weighting functions were 
used. Physically, the use of Dirac delta weighting functions is seen as the relaxation 
of boundary conditions so that they are enforced only at discrete points on the surface 
of the structure, hence the name point-matching. 

An important consideration when using point-matching is the positioning of the N 
points (p,,). While equally-spaced points often yield good results, much depends on 
the basis functions used. When using subsectional basis functions in conjunction with 
point-matching, one match point should be placed on each segment (to maintain linear 
independence). Placing the points at the center of the segments usually produces the 
best results. It is important that a match point does not coincide with the “peak” of a tri- 
angle or a similar discontinuous function, where the basis function is not differentiably 
continuous. This may cause errors in some situations. 


8.5 SELF-IMPEDANCE 


The input impedance of an antenna is a very important parameter, and it is used to 
determine the efficiency of the antenna. In Section 4.5 the real part of the impedance 
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(referred either to the current at the feed terminals or to the current maximum) was 
found. At that time, because of mathematical complexities, no attempt was made to 
find the imaginary part (reactance) of the impedance. In this section the self-impedance 
of a linear element will be examined using both the Integral Equation-Moment Method 
and the induced emf method. The real and imaginary parts of the impedance will be 
found using both methods. 


8.5.1 Integral Equation-Moment Method 


To use this method to find the self-impedance of a dipole, the first thing to do is 
to solve the integral equation for the current distribution. This is accomplished using 
either Pocklington’s Integral equation of (8-22) or (8-24) or Hallén’s integral equation 
of (8-27). For Pocklington’s integral equation you can use either the delta-gap voltage 
excitation of (8-28) or the magnetic-frill model of (8-31) or (8-32). Hallén’s integral 
equation is based on the delta-gap model of (8-28). 

Once the current distribution is found, using either or both of the integral equations, 
then the self (input) impedance is determined using the ratio of the voltage to current, or 


Vin 
Lig 8-51 
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A computer program Moment Method has been developed based on Pocklington’s 
and Hallén’s integral equations, and it is found in the CD attached to the book. Pock- 
lington’s uses both the delta-gap and magnetic-frill models while Hallén’s uses only 
the delta-gap feed model. Both, however, use piecewise constant subdomain functions 
and point-matching. The program computes the current distribution, normalized ampli- 
tude radiation pattern, and input impedance. The user must specify the length of the 
wire, its radius (both in wavelengths), and the type of feed modeling (delta-gap or 
magnetic-frill) and the number of segments. 

To demonstrate the procedure and compare the results using the two-source mod- 
elings (delta-gap and magnetic-frill generator) for Pocklington’s integral equation, an 
example is performed. 


Example 8.4 


Assume a center-fed linear dipole of / = 0.474 and a = 0.0054. This is the same element 
of Example 8.3. 


1. Determine the normalized current distribution over the length of the dipole 
using N = 21 segments to subdivide the length. Plot the current distribution. 

2. Determine the input impedance using segments of N = 7, 11, 21, 29, 41, 51, 
61, 71, and 79. 


Use Pocklington’s integrodifferential equation (8-24) with piecewise constant subdomain 
basis functions and point-matching to solve the problem, model the gap with one segment, 
and use both the delta-gap and magnetic-frill generator to model the excitation. Use (8-32) 
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for the magnetic-frill generator. Because the current at the ends of the wire vanishes, the 
piecewise constant subdomain basis functions are not the most judicious choice. However, 
because of their simplicity, they are chosen here to illustrate the principles even though the 
results are not the most accurate. Assume that the characteristic impedance of the annular 
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aperture is 50 ohms and the excitation voltage V; is 1 V. 


Solution: 


Pocklington (magnetic-frill) 
Pocklington (delta-gap) 
— — — Hallén (delta-gap) 


—-— Sinusoidal 


7 


N 


120474 
N=21 
a=0.005A 


1. The voltage distribution was found in Example 8.3, and it is listed in 
Table 8.1. The corresponding normalized currents obtained using (8-24) with 


1.0 
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Normalized current magnitude 
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Figure 8.13 Current distribution on a dipole antenna. 
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piecewise constant pulse functions and point-matching technique for both the 
delta-gap and magnetic-frill generator are shown plotted in Figure 8.13(a). It 
is apparent that the two distributions are almost identical in shape, and they 
resemble that of the ideal sinusoidal current distribution which is more valid 
for very thin wires and very small gaps. The distributions obtained using 
Pocklington’s integral equation do not vanish at the ends because of the use 
of piecewise constant subdomain basis functions. 

2. The input impedances using both the delta-gap and the magnetic-frill genera- 
tor are shown listed in Table 8.2. It is evident that the values begin to stabilize 
and compare favorably to each other once 61 or more segments are used. 


TABLE 8.2 Dipole Input Impedance for Delta-Gap 
and Magnetic-Frill Generator Using Pocklington’s 
Integral Equation (/ = 0.47X,a = 0.0052) 


N Delta Gap Magnetic Frill 
7 122.8 + j113.9 26.8 + j24.9 
11 94.2 + j49.0 32.0 + j16.7 

21 77.7 — j0.8 47.1 — j0.2 

29 75.4 — j6.6 57.4 — j4.5 

41 75.9 — j2.4 68.0 — j1.0 

51 71.2 + j2.4 73.1 + j4.0 

61 78.6 + j6.1 76.2 + j8.5 

71 79.9 + j7.9 77.9 + j11.2 

79 80.4 + j8.8 78.8 + j 12.9 


To further illustrate the point on the variation of the current distribution on a dipole, 
it has been computed by Moment Method and plotted in Figure 8.13(b) for l = A/2 
and l = A for wire radii of a= 1075A and 1073A where it is compared with that 
based on the sinusoidal distribution. It is apparent that the radius of the wire does not 
influence to a large extent the distribution of the / = 4/2 dipole. However it has a 
profound effect on the current distribution of the / = à dipole at and near the feed 
point. Therefore the input impedance of the / — dipole is quite different for the 
three cases of Figure 8.13(b), since the zero current at the center of the sinusoidal 
distribution predicts an infinite impedance. In practice, the impedance is not infinite 
but is very large. 


8.5.2 Induced EMF Method 


The induced emf method is a classical method to compute the self and mutual 
impedances [1]-[6], [33]. The method is basically limited to straight, parallel, and 
in echelon elements, and it is more difficult to account accurately for the radius of 
the wires as well as the gaps at the feeds. However it leads to closed-form solutions 
which provide very good design data. From the analysis of the infinitesimal dipole 
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in Section 4.2, it was shown that the imaginary part of the power density, which 
contributes to the imaginary power, is dominant in the near-zone of the element and 
becomes negligible in the far-field. Thus, near-fields of an antenna are required to find 
its input reactance. 


A. Near-Field of Dipole 
In Chapter 4 the far-zone electric and magnetic fields radiated by a finite length dipole 
with a sinusoidal current distribution were found. The observations were restricted in 
the far-field in order to reduce the mathematical complexities. The expressions of these 
fields were used to derive the radiation resistance and the input resistance of the dipole. 
However, when the input reactance and/or the mutual impedance between elements are 
desired, the near-fields of the element must be known. It is the intent here to highlight 
the derivation. 

The fields are derived based on the geometry of Figure 8.14. The procedure is 
identical to that used in Section 4.2.1 for the infinitesimal dipole. The major difference 
is that the integrations are much more difficult. To minimize long derivations involving 


Figure 8.14 Dipole geometry for near-field analysis. 
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complex integrations, only the procedure will be outlined and the final results will be 
given. The derivation is left as an end of the chapter problems. The details can also 
be found in the first edition of this book. 

To derive the fields, the first thing is to specify the sinusoidal current distribution 
for a finite dipole which is that of (4-56). Once that is done, then the vector potential 
A of (4-2) is determined. Then the magnetic field is determined using (3-2a), or 


1 3A; 
u ðp 


1 
H = —V x A = — â; (8-52) 
n 
It is recommended that cylindrical coordinates are used. By following this procedure 
and after some lengthy analytical details, it can be shown by referring to Figure 8.14(b) 
that the magnetic field radiated by the dipole is 


lo 1 kl 

H= Ay Hy = SS | TIKRI + e JR — 2 cos (=) d (8-53) 
where 

r=yx +y +2 =V +z (8-53a) 

D p 
Ri =,/x2+y24+ (z = r) =. P+ (z = r) (8-53b) 

pe p 
Ry = ety e (sez) = p+(2+5) (8-53c) 


The corresponding electric field is found using Maxwell’s equation of 


1 
E- —VxH (8-54) 
joe 


Once this is done, it can be shown that the electric field radiated by the dipole is 


1 8H, 1 19 
E = â, E, + â, E, = —à, —— — +â, —— — — (pH, 8-55 
Fuse uS "joe dz "joe p 8p (o Ho) ( ) 
where 
E-E.— nlo IN e 5 x: 1\ e: T klN e-J* 
ey Tay | 2) R aa) Wa v 3] r 
(8-55a) 
EI e IK e Ike klN ei 
E,2-—j— —2 as 8-55b 
: l 4r | Ri * Ro e 2 r ( ) 


It should be noted that the last term in (8-53), (8-55a), and (8-55b) vanishes when 
the overall length of the element is an integral number of odd half-wavelengths (l = 
nA./2, n = 1,3,5,...) because cos(kl/2) = cos(nx /2) = 0 for n = 1,3,5,.... 

The fields of (8-53), (8-55a), and (8-55b) were derived assuming a zero radius wire. 
In practice all wire antennas have a finite radius which in most cases is very small 
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electrically (typically less than 4/200). Therefore the fields of (8-53), (8-55a), and 
(8-55b) are good approximations for finite, but small, radius dipoles. 


B. Self-Impedance 

The technique, which is used in this chapter to derived closed-form expressions for 
the self- and driving-point impedances of finite linear dipoles, is known as the induced 
emf method. The general approach of this method is to form the Poynting vector using 
(8-53), (8-55a), and (8-55b), and to integrate it over the surface that coincides with the 
surface of the antenna (linear dipole) itself. However, the same results can be obtained 
using a slightly different approach, as will be demonstrated here. The expressions 
derived using this method are more valid for small radii dipoles. Expressions, which 
are more accurate for larger radii dipoles, were derived in the previous section based 
on the Integral Equation-Moment Method. 

To find the input impedance of a linear dipole of finite length and radius, shown 
in Figure 8.15, the tangential electric-field component on the surface of the wire is 
needed. This was derived previously and is represented by (8-55b). Based on the 
current distribution and tangential electric field along the surface of the wire, the 
induced potential developed at the terminals of the dipole based on the maximum 
current is given by 


un 
1 H2 

pec L(p =a,z = z) E: (p = a, z = z’) dz' (8-56) 
Im J—e/2 


where Im is the maximum current. The input impedance (referred to at the current 
maximum 1,) is defined as 


V, 


Ta 


Zn = (8-57) 


Feed 


Figure 8.15 Uniform linear current density over cylindrical surface of wire. 
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and can be expressed using (8-56) as 


1 fe 
Zn = ->f L(p =4,2=Z)E(p = a, z = z’) dz (8-57a) 
Ih J-e 


Equation (8-57a) can also be obtained by forming the complex power density, inte- 
grating it over the surface of the antenna, and then relating the complex power to the 
terminal and induced voltages [2]. The integration can be performed either over the 
gap at the terminals or over the surface of the conducting wire. 

For a wire dipole, the total current J, is uniformly distributed around the surface of 
the wire, and it forms a linear current sheet J}. The current is concentrated primarily 
over a very small thickness of the conductor, as shown in Figure 8.15, and it is given, 
based on (4-56), by 


l 
I. = 2naJ, = Im sin | (5 — 1) | (8-58) 
Therefore (8-57a) can be written as 
1 [P l 
Zn = -=f sin | (5 = 1] E.(p —-a,z-— z) dz! (8-59) 
Im J-e 2 


For simplicity, it is assumed that the E-field produced on the surface of the wire by 
a current sheet is the same as if the current were concentrated along a filament placed 
along the axis of the wire. Then the E-field used in (8-59) is the one obtained along 
a line parallel to the wire at a distance o = a from the filament. 

Letting Im = I, and substituting (8-55b) into (8-59) it can be shown, after some 
lengthy but straightforward manipulations, that the real and imaginary parts of the 
input impedance (referred to at the current maximum) can be expressed as 


R, = Rn = = fc + In(kl) — C; (kl) + S sin(kDES OKD — 28; (KkI)] 
+ 5 cos&DIC + In(kl/2) + C;(2k1) — 2C; uni} (8-60a) 


x= = (28; (kl) + cos(kD[2S; (kl) — S;(2k1)] 


2 
— sin(kl) E (kl) — C; QkI) — C; (= I| (8-60b) 


where S;(x) and C;(x) are the sine and cosine integrals of Appendix III. Equation 
(8-60a) is identical to (4-70). In deriving (8-60a) it was assumed that the radius of the 
wire is negligible (in this case set to zero), and it has little effect on the overall answer. 
This is a valid assumption provided / >> a, and it has been confirmed by other methods. 

The input resistance and input reactance (referred to at the current at the input 
terminals) can be obtained by a transfer relation given by (4-79), or 


loy R, 
Rin = | — R, = en DF TAS (8-61a) 
I; sin“ (kl /2) 
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oV X» 
Xin = | — ] Xn = EEI (8-61b) 
Tin sin (kl/2) 
For a small dipole the input reactance is given by [34] 


_ Ea [In(//2a) — 1] ; 
Xin = Xm = A anki - (8-62) 


while its input resistance and radiation resistance are given by (4-37). Plots of the 


self-impedance, both resistance and reactance, based on (8-60a), (8-60b) and (8-61a), 
(8-61b) for 0 < / < 34 are shown in Figures 8.16(a,b). The radius of the wire is 1075A. 
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Figure 8.16  Self-resistance and self-reactance of dipole antenna with wire radius of 1075 A. 
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Figure 8.17 Reactance (referred to the current maximum) of linear dipole with sinusoidal 
current distribution for different wire radii. 


It is evident that when the length of the wire is multiples of a wavelength the resistances 
and reactances become infinite; in practice they are large. 

Ideally the radius of the wire does not affect the input resistance, as is indicated by 
(8-60a). However in practice it does have an effect, although it is not as significant 
as it is for the input reactance. To examine the effect the radius has on the values of 
the reactance, its values as given by (8-60b) have been plotted in Figure 8.17 for a = 
107?4, 10-42, 1073, and 10774. The overall length of the wire is taken to be 0 < l < 
3A. It is apparent that the reactance can be reduced to zero provided the overall length 
is slightly less than nA/2,n = 1,3,..., or slightly greater than nA/2,n = 2,4,.... 
This is commonly done in practice for l ~ 4/2 because the input resistance is close to 
50 ohms, an almost ideal match for the widely used 50-ohm lines. For small radii, the 
reactance for l = 4/2 is equal to 42.5 ohms. 

From (8-60b) it is also evident that when / = nA/2, n = 1, 2, 3, ..., the terms within 
the last bracket do not contribute because sin(k/) = sin(nz) = 0. Thus for dipoles 
whose overall length is an integral number of half-wavelengths, the radius has no 
effect on the antenna reactance. This is illustrated in Figure 8.17 by the intersection 
points of the curves. 


Example 8.5 


Using the induced emf method, compute the input reactance for a linear dipole whose lengths 
are nA/2, where n = 1 — 6. 


Solution: The input reactance for a linear dipole based on the induced emf method is 
given by (8-60b) whose values are equal to 42.5 for 4/2, 125.4 for A, 45.5 for 34/2, 133.1 
for 24, 46.2 for 54/2, and 135.8 for 34. 
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8.6 MUTUAL IMPEDANCE BETWEEN LINEAR ELEMENTS 


In the previous section, the input impedance of a linear dipole was derived when the 
element was radiating into an unbounded medium. The presence of an obstacle, which 
could be another element, would alter the current distribution, the field radiated, and 
in turn the input impedance of the antenna. Thus the antenna performance depends not 
only on its own current but also on the current of neighboring elements. For resonant 
elements with no current excitation of their own, there could be a substantial current 
induced by radiation from another source. These are known as parasitic elements, as 
in the case of a Yagi-Uda antenna (see Section 10.3.3), and play an important role in 
the overall performance of the entire antenna system. The antenna designer, therefore, 
must take into account the interaction and mutual effects between elements. The input 
impedance of the antenna in the presence of the other elements or obstacles, which 
will be referred to as driving-point impedance, depends upon the self-impedance (input 
impedance in the absence of any obstacle or other element) and the mutual impedance 
between the driven element and the other obstacles or elements. 

To simplify the analysis, it is assumed that the antenna system consists of two 
elements. The system can be represented by a two-port (four-terminal) network, as 
shown in Figure 8.18, and by the voltage-current relations 


Vi = Zh + Zh 


(8-63) 
V = Zah + Zyl 
where 
V 
Zu=— (8-63a) 
li [10 
li h 
TeS GEEK 
Vi [Z] V2 


(a) Two-port network 


l h 
—— 21-22 Z»-4£, 0 
+ + 
Vi V2 

Zi» Zp 


(b) T-network equivalent 


Figure 8.18 Two-port network and its T-equivalent. 
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is the input impedance at port #1 with port #2 open-circuited, 


(8-63b) 


is the mutual impedance at port #1 due to a current at port #2 (with port #1 open- 
circuited), 


(8-63c) 


is the mutual impedance at port #2 due to a current in port #1 (with port #2 open- 
circuited), 


(8-63d) 


is the input impedance at port #2 with port #1 open-circuited. For a reciprocal network, 
Zi? = Z3. 

The impedances Z,, and Zz are the input impedances of antennas 1 and 2, respec- 
tively, when each is radiating in an unbounded medium. The presence of another 
element modifies the input impedance and the extent and nature of the effects depends 
upon (1) the antenna type, (2) the relative placement of the elements, and (3) the type 
of feed used to excite the elements. 

Equation (8-63) can also be written as 


V I 

Zig=— = Zn + Zu (2) (8-64a) 
T, T, 
V. I 

Ncc On + Zz (2) (8-64b) 
h h 


Zia and Zo, represent the driving-point impedances of antennas | and 2, respec- 
tively. Each driving-point impedance depends upon the current ratio 7,/ 7», the mutual 
impedance, and the self-input impedance (when radiating into an unbounded medium). 
When attempting to match any antenna, it is the driving-point impedance that must be 
matched. It is, therefore, apparent that the mutual impedance plays an important role 
in the performance of an antenna and should be investigated. However, the analysis 
associated with it is usually quite complex and only simplified models can be examined 
with the induced emf method. Integral Equation-Moment Method techniques can be 
used for more complex geometries, including skewed arrangements of elements. 

Referring to Figure 8.19, the induced open-circuit voltage in antenna 2, referred to 
its current at the input terminals, due to radiation from antenna 1 is given by 


] per 
Vo = mos E (z)LDb(z)dz (8-65) 
2i J—b/2 


where 


E;(z)- E-field component radiated by antenna 1, which is parallel to antenna 2 
L(z)- current distribution along antenna 2 
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Figure 8.19 Dipole positioning for mutual coupling. 


Therefore the mutual impedance of (8-63c), (referred to at the input current Ij; of 
antenna 1), is expressed as 


Vai 1 b / $ / 
Za; = — = - Elz )h(z ) dz (8-66) 
lj libi J-n/2 


8.6.1 Integral Equation-Moment Method 


To use this method to find the mutual impedance based on (8-66), an integral equation 
must be formed to find E.5;, which is the field radiated by antenna | at any point on 
antenna 2. This integral equation must be a function of the unknown current on antenna 
1, and it can be derived using a procedure similar to that used to form Pocklington’s 
Integral Equation of (8-22) or (8-24), or Hallén's Integral Equation of (8-27). The 
unknown current of antenna 1 can be represented by a series of finite number of terms 
with N unknown coefficients and a set of known (chosen) basis functions. The current 
L(z) must also be expanded into a finite series of N terms with N unknown coefficients 
and a set of N chosen basis functions. Once each of them is formulated, then they 
can be used interactively to reduce (8-66) into an N x N set of linearly independent 
equations to find the mutual impedance. 

To accomplish this requires a lengthy formulation, computer programming, and usu- 
ally a digital computer. The process usually requires numerical integrations or special 
functions for the evaluation of the impedance matrices of E;?, and the integral of (8- 
66). There are national computer codes, such as the Numerical Electromagnetics Code 
(NEC) and the simplified version Mini Numerical Electromagnetics Code (MININEC), 
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for the evaluation of the radiation characteristics, including impedances, of wire antennas 
[35]- [37]. Both of these are based on an Integral Equation-Moment Method formulation. 
Information concerning these two codes follows. There are other codes; however, these 
two seem to be popular, especially for wire type antennas. 

Another procedure that has been suggested to include mutual effects in arrays of 
linear elements is to use a convergent iterative algorithm [38], [39]. This method can be 
used in conjunction with a calculator [38], and it has been used to calculate impedances, 
patterns, and directivities of arrays of dipoles [39]. 


A. Numerical Electromagnetics Code (NEC) 

The Numerical Electromagnetics Code (NEC) is a user-oriented program developed 
at Lawrence Livermore National Laboratory. It is a moment method code for ana- 
lyzing the interaction of electromagnetic waves with arbitrary structures consisting of 
conducting wires and surfaces. It combines an integral equation for smooth surfaces 
with one for wires to provide convenient and accurate modeling for a wide range 
of applications. The code can model nonradiating networks and transmission lines, 
perfect and imperfect conductors, lumped element loading, and perfect and imperfect 
conducting ground planes. It uses the electric-field integral equation (EFIE) for thin 
wires and the magnetic field integral equation (MFIE) for surfaces. The excitation can 
be either an applied voltage source or an incident plane wave. The program com- 
putes induced currents and charges, near- and far-zone electric and magnetic fields, 
radar cross section, impedances or admittances, gain and directivity, power budget, 
and antenna-to-antenna coupling. 


B. Mini-Numerical Electromagnetics Code (MININEC) 
The Mini-Numerical Electromagnetics Code (MININEC) [36], [37] is a user-oriented 
compact version of the NEC developed at the Naval Ocean Systems Center (NOSC). 
It is also a moment method code, but coded in BASIC, and has retained the most 
frequently used options of the NEC. It is intended to be used in mini, micro, and 
personal computers, as well as work stations, and it is most convenient to analyze wire 
antennas. It computes currents, and near- and far-field patterns. It also optimizes the 
feed excitation voltages that yield desired radiation patterns. 

Information concerning the NEC and MININEC, and their availability, can be 
directed to: 


G. J. Burke, L-156 

Lawrence Livermore National Laboratory 
P.O. Box 5504 

Livermore, CA 94550 


8.6.2 Induced EMF Method 


The induced emf method is also based on (8-66) except that /5(z") is assumed to be 
the ideal current distribution of (4-56) or (8-58) while E,2;(z’) is the electric field of 
(8-55b). Using (8-58) and (8-55b), we can express (8-66) as 


Vz . nin lg b E l ; e FRR 
Liem Er r sin |k | — — [zl 
lj 47 hi bi Jia 2 Ri 


en i hN ei 
—2 k— dz 8-67 
+ R os ( 1) - | z ( ) 
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where r, Rj, and R» are given, respectively, by (8-53a), (8-53b) and (8-53c) but with 
y=d and] = li. Iim, Inn and ljj, h; represent, respectively, the maximum and input 
currents for antennas 1 and 2. By referring each of the maximum currents to those at 
the input using (4-78) and assuming free-space, we can write (8-67) as 


30 5/2 3 b e ih 
NN C j| 
sin dat sin kh sre $ Ri 
2 2 


e n PL 
in) k— f z 
+ [2 cos ( =) E | dz (8-68) 


The mutual impedance referred to the current maxima is related to that at the input of 


(8-68) by 
O( Fh. (kh 
Zalm = Zai sin z sın pe (8-69) 


which for identical elements (/; = l = I) reduces to 
fkl 
Zoim = Zai sin 5 (8-70) 
whose real and imaginary parts are related by 
kl 
Roim = Rai; sin? (=) (8-70a) 


kl 
Xo1m = X21; sin? (5) (8-70b) 


For a two-element array of linear dipoles, there are three classic configurations for 
which closed-form solutions for (8-68), in terms of sine and cosine integrals, are obtained 
[33]. These are shown in Figure 8.20, and they are referred to as the side-by-side 
[Figure 8.20(a)], collinear [Figure 8.20(b)], and parallel-in-echelon [Figure 8.20(c)]. 
For two identical elements (each with odd multiples of 1/2, l = nà /2,n = 1,3,5,...) 
(8-70) reduces for each arrangement to the expressions that follow. Expressions for linear 
elements of any length are much more complex and can be found in [33]. 

A MATLAB and FORTRAN computer program referred to as Self And Mutual 
Impedances, based on (8-71a)—(8-731), is included in the CD attached to the book. 


Side-by-Side Configuration [Figure 8.20(a)] 


Rie ae (i) 5C G5 650] (8-71a) 

Din = E (up) — S; (u1) — S; (u2)] (8-71b) 
JU 

uo = kd (8-71c) 


ui = k(/ d? +P +D (8-71d) 
uz = k(V/ d? +2 — I) (8-71e) 
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Figure 8.20 Dipole configuration of two identical elements for mutual impedance compu- 


tations. 


Collinear Configuration [Figure 8-20(b)] 


Ru -> cos(vo)[ 2C; Qo) + C; (v2) + C; (vi) — In(v3)] 


L 


Tan 


sin(vo)[2S; Qvo) — Si (v2) — Si(vi)] 


c d. cos(vo)[25; Qvo) — S; (vj) — S;(v1)] 


n = sin(vo)[2C; Quo) — C; (v2) — C; (v1) — 1n(3)] 
vo = kh 
vı = 2k(h +1) 
v, = 2k(h — D) 


v3 = (k? — I°)/ h? 
Parallel-in-Echelon Configuration [Figure 8.20(c)] 
Roim = — Ze cos(wo)[-2C; (wi) — 2C, (w4) + C; (w) 
+ C; (w3) + Ci (w3) + Ci (w3)] 
+ gc sin(wo)125; (n) — 25;(w}) — S; (w) 
+ Si (w3) — Si (w3) + S; (w3)] 
Xom = — gr COs(wo)[25;(w1) + 28 (wi) — S; (w) 
— S; (w3) — Si (w3) — S; (w3)] 
+ sin(wo)[2Ci(w1) — 2C; (w1) — C; (w) + Ci Qus) 


— Ci (w3) + C;(w)] 


(8-72a) 


(8-72b) 
(8-72c) 
(8-72d) 
(8-72e) 
(8-72f) 


(8-73a) 


(8-73b) 
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wo = kh (8-73c) 

wi = k(y d2? +h? +h) (8-73d) 

wi = k(V/d? +h? — h) (8-73e) 

w = k[y d? + (h — D? + (h — D] (8-73f) 
w, = k[V/d? + (h — 1}? — (h — D] (8-732) 
w3 = k[y d? + (h +1}? + (h +D] (8-73h) 
ws = k[y d? + (h - D? — (h + D] (8-73i) 


The mutual impedance, referred to the current maximum, based on the induced 
emf method of a side-by-side and a collinear arrangement of two half-wavelength 
dipoles is shown plotted in Figure 8.21. It is apparent that the side-by-side arrangement 
exhibits larger mutual effects since the antennas are placed in the direction of maximum 
radiation. The data is compared with those based on the Moment Method/NEC 
[35] using a wire with a radius of 1075A. A very good agreement is indicated 
between the two sets because a wire with a radius of 1075A for the MM/NEC is 
considered very thin. Variations as a function of the radius of the wire for both the 
side-by-side and collinear arrangements using the MM/NEC are shown, respectively, 
in Figures 8.22(a,b). Similar sets of data were computed for the parallel-in-echelon 
arrangement of Figure 8.20(c), and they are shown, respectively, in Figures 8.23(a) 
and 8.23(b) for d = 4/2, 0 € h < X and h = 4/2, 0 < d <A for wire radii of 107?4. 
Again a very good agreement between the induced emf and Moment Method/NEC 
data is indicated. 


Example 8.6 


Two identical linear half-wavelength dipoles are placed in a side-by-side arrangement, as 
shown in Figure 8.20(a). Assuming that the separation between the elements is d = 0.352, 
find the driving-point impedance of each. 

Solution: Using (8-64a) 


Zi : = Zu +Z 2 
ld E 11 12; n 
Since the dipoles are identical, /; = J). Thus 


Zia = Zu + Zi 


From Figure 8.21 (a) 
Zi» ~ 25 -— j38 


Since 
Zi = 73 + j42.5 


Zia reduces to 
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which is also equal to Z5; of (8-64b). 
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Figure 8.21 Mutual impedance of two side-by-side and collinear 4/2 dipoles using the moment 


method and induced emf method. 
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Figure 8.22 Variations of mutual impedance as a function of wire radius for side-by-side and 
collinear 4/2 dipole arrangements. 


As discussed in Chapter 2, Section 2.13, maximum power transfer between the 
generator and the transmitting antenna occurs when their impedances are conjugate- 
matched. The same is necessary for the receiver and receiving antenna. This ensures 
maximum power transfer between the transmitter and receiver, when there is no inter- 
action between the antennas. In practice, the input impedance of one antenna depends 
on the load connected to the other antenna. Under those conditions, the matched loads 
and maximum coupling can be computed using the Linville method [40], which is used 
in rf amplifier design. This technique has been incorporated into the NEC [35]. Using 
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Figure 8.23 Mutual impedance for two parallel-in-echelon 4/2 dipoles with wire radii of 
1075 A. 


this method, maximum coupling is computed using [35] 
1 251/2 
Cox = pH -= (0 7 29] (8-74) 


where 
|Yi2Y21| 


EE A Ot (8-74a) 
2Re(Y11)Re(Y22) — Re(Y12Y21) 
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Figure 8.24 Maximum coupling for the two 4/2 dipoles in side-by-side and collinear arrange- 
ments as a function of separation. 


To ensure maximum coupling, the admittance of the matched load on the receiving 
antenna should be [35] 


_ 
Y, = E + ] Re(Y22) — Yos (8-75) 
I+ p 
where G Yor" 
_ Smax Uiha (8-75a) 
[Yiz Y2 
The corresponding input admittance of the transmitting antenna is 
YoY; 
Yn = Yu -— L——— (8-76) 
Y, + Y» 


Based on (8-74)-(8-76), maximum coupling for two half-wavelength dipoles in 
side-by-side and collinear arrangements as a function of the element separation (d for 
side-by-side and s for collinear) was computed using the NEC, and it is shown in 
Figure 8.24. As expected, the side-by-side arrangement exhibits much stronger cou- 
pling, since the elements are placed along the direction of their respective maximum 
radiation. Similar curves can be computed for the parallel-in-echelon arrangement. 


8.7 MUTUAL COUPLING IN ARRAYS 


When two antennas are near each other, whether one and/or both are transmitting or 
receiving, some of the energy that is primarily intended for one ends up at the other. 
The amount depends primarily on the 


a. radiation characteristics of each 
b. relative separation between them 
c. relative orientation of each 
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There are many different mechanisms that can cause this interchange of energy. For 
example, even if both antennas are transmitting, some of the energy radiated from 
each will be received by the other because of the nonideal directional characteristics of 
practical antennas. Part of the incident energy on one or both antennas may be rescat- 
tered in different directions allowing them to behave as secondary transmitters. This 
interchange of energy is known as “mutual coupling,” and in many cases it complicates 
the analysis and design of an antenna. Furthermore, for most practical configurations, 
mutual coupling is difficult to predict analytically but must be taken into account 
because of its significant contribution. Because the mutual effects of any antenna con- 
figuration cannot be generalized, in this section we want first to briefly introduce them 
in a qualitative manner and then examine their general influence on the behavior of 
the radiation characteristics of the antenna. Most of the material and presentation in 
this section is followed from a well-written document on this subject [41]. 


8.7.1 Coupling in the Transmitting Mode 


To simplify the discussion, let us assume that two antennas m and n of an array are 
positioned relative to each other as shown in Figure 8.25(a). The procedure can be 
extended to a number of elements. If a source is attached to antenna n, the generated 
energy traveling toward the antenna labeled as (0) will be radiated into space (1) and 
toward the mth antenna (2). The energy incident on the mth antenna sets up currents 
which have a tendency to rescatter some of the energy (3) and allow the remaining 
to travel toward the generator of m (4). Some of the rescattered energy (3) may be 
redirected back toward antenna n (5). This process can continue indefinitely. The same 
process would take place if antenna m is excited and antenna n is the parasitic element. 
If both antennas, m and n, are excited simultaneously, the radiated and rescattered fields 
by and from each must be added vectorially to arrive at the total field at any observation 
point. Thus, “the total contribution to the far-field pattern of a particular element in 
the array depends not only upon the excitation furnished by its own generator (the 
direct excitation) but upon the total parasitic excitation as well, which depends upon 
the couplings from and the excitation of the other generators [41].” 

The wave directed from the n to the m antenna and finally toward its generator 
(4) adds vectorially to the incident and reflected waves of the m antenna itself, thus 
enhancing the existing standing wave pattern within m. For coherent excitations, the 
coupled wave (4) due to source n differs from the reflected one in m only in phase 
and amplitude. The manner in which these two waves interact depends on the coupling 
between them and the excitation of each. It is evident then that the vector sum of these 
two waves will influence the input impedance looking in at the terminals of antenna m 
and will be a function of the position and excitation of antenna n. This coupling effect 
is commonly modeled as a change in the apparent driving impedance of the elements 
and it is usually referred to as mutual impedance variation. 

To demonstrate the usefulness of the driving impedance variation, let us assume 
that a set of elements in an array are excited. For a given element in the array, the 
generator impedance that is optimum in the sense of maximizing the radiated power 
for that element is that which would be a conjugate impedance match at the element 
terminals. This is accomplished by setting a reflected wave which is equal in amplitude 
and phase to the backwards traveling waves induced due to the coupling. Even though 
this is not the generator impedance which is a match to a given element when all other 
elements are not excited, it does achieve maximum power transfer. 
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Figure 8.25 Transmitting and receiving mode coupling paths between antennas m and nm. 
(Reprinted with permission of MIT Lincoln Laboratory, Lexington, MA.) 


To minimize confusion, let us adopt the following terminology [41]: 


1. Antenna impedance: The impedance looking into a single isolated element. 

2. Passive driving impedance: The impedance looking into a single element of an 
array with all other elements of the array passively terminated in their normal 
generator impedance unless otherwise specified. 


3. Active driving impedance: The impedance looking into a single element of an 
array with all other elements of the array excited. 


Since the passive driving impedance is of minor practical importance and differs 
only slightly from the antenna impedance, the term driving impedance will be used to 
indicate active driving impedance, unless otherwise specified. 
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Since the driving impedance for a given element is a function of the placement and 
excitation of the other elements, then optimum generator impedance that maximizes 
array radiation efficiency (gain) varies with array excitation. These changes, with ele- 
ment excitation variations, constitute one of the principal aggravations in electronic 
scanning arrays. 


8.7.2 Coupling in the Receiving Mode 


To illustrate the coupling mechanism in the receiving mode, let us again assume that the 
antenna system consists of two passively loaded elements of a large number, as shown 
in Figure 8.25(b). Assume that a plane wave (0) is incident, and it strikes antenna m 
first where it causes current flow. Part of the incident wave will be rescattered into 
space as (2), the other will be directed toward antenna n as (3) where it will add 
vectorially with the incident wave (0), and part will travel into its feed as (1). It is then 
evident that the amount of energy received by each element of an antenna array is the 
vector sum of the direct waves and those that are coupled to it parasitically from the 
other elements. 

The amount of energy that is absorbed and reradiated by each element depends on 
its match to its terminating impedance. Thus, the amount of energy received by any 
element depends upon its terminating impedance as well as that of the other elements. 
In order to maximize the amount of energy extracted from an incident wave, we 
like to minimize the total backscattered (2) energy into space by properly choosing 
the terminating impedance. This actually can be accomplished by mismatching the 
receiver itself relative to the antenna so that the reflected wave back to the antenna 
(4) 1s cancelled by the rescattered wave, had the receiver been matched to the actual 
impedance of each antenna. 

As a result of the previous discussion, it is evident that mutual coupling plays an 
important role in the performance of an antenna. However, the analysis and under- 
standing of it may not be that simple. 


8.7.8 Mutual Coupling on Array Performance 


The effects of the mutual coupling on the performance of an array depends upon the 


a. antenna type and its design parameters 
b. relative positioning of the elements in the array 
c. feed of the array elements 

d. scan volume of the array 


These design parameters influence the performance of the antenna array by varying 
its element impedance, reflection coefficients, and overall antenna pattern. In a finite- 
element array, the multipath routes the energy follows because of mutual coupling 
will alter the pattern in the absence of these interactions. However, for a very large 
regular array (array with elements placed at regular intervals on a grid and of sufficient 
numbers so that edge effects can be ignored), the relative shape of the pattern will be 
the same with and without coupling interactions. It will only require a scaling up or 
down in amplitude while preserving the shape. This, however, is not true for irregular 
placed elements or for small regular arrays where edge effects become dominant. 
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8.7.4 Coupling in an Infinite Regular Array 


The analysis and understanding of coupling can be considerably simplified by consid- 
ering an infinite regular array. Although such an array is not physically realizable, it 
does provide an insight and in many cases answers of practical importance. For the 
infinite regular array we assume that 


all the elements are placed at regular intervals 
all the elements are identical 
all the elements have uniform (equal) amplitude excitation 


Br: oig 


there can be a linear relative phasing between the elements in the two orthogonal 
directions 


The geometry of such an array is shown in Figure 6.28 with its array factor given 
by (6-87) or (6-88). This simplified model will be used to analyze the coupling and 
describes fairly accurately the behavior of most elements in arrays of modest to large 
size placed on flat or slowly curve surfaces with smoothly varying amplitude and 
phase taper. 

To assess the behavior of the element driving impedance as a function of scan angle, 
we can write the terminal voltage of any one element in terms of the currents flowing 
in the others, assuming a single-mode operation, as 


Vin = 2; Ss Zmn.pq! pq (8-77) 
p dq 


where Z,,,,,, defines the terminal voltage at antenna mn due to a unity current in 
element pq when the current in all the other elements is zero. Thus the Z,,,,,, terms 
represent the mutual impedances when the indices mn and pq are not identical. The 
driving impedance of the mnth element is defined as 


Zpmn — Im = > 25 Zmpa 17 (8-78) 


Since we assumed that the amplitude excitation of the elements of the array was 
uniform and the phase linear, we can write that 


Ic Toge! (P485 (8-792) 
Imn = Iope? = 1P») (8-79b) 
Thus, (8-78) reduces to 
Zpmn = 5 EN Zin, pq ei Ps ga 7mP, (8-80) 
P 4 


It is evident that the driving-point impedance of mn element is equal to the vector sum 
of the element self impedance (mn = pq) and the phased mutual impedances between it 
and the other elements (mn 4 pq). The element self-impedance (mn = pq) is obtained 
when all other elements are open-circuited so that the current at their feed points is zero 
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Figure 8.26 Geometry for plane wave reflection from resistive sheet. (Reprinted with permis- 
sion of MIT Lincoln Laboratory, Lexington, MA.) 


[Jpg (pq # mn) = 0]. For most practical antennas, physically this is almost equivalent 
to removing the pq elements and finding the impedance of a single isolated element. 

A consequence of the mutual coupling problem is the change of the array impedance 
with scan angle. In order not to obscure the basic principle with the complexity of 
the problem, this can best be illustrated by examining the behavior of the reflection 
coefficient of a uniform plane wave in free-space incident on a resistive sheet of 
infinite extent backed by an open circuit so that there are no transmitted fields through 
the sheet, as shown in Figure 8.26(a). Although the open circuit is not physically 
realizable, nevertheless the model is useful. This is accomplished by choosing the 
surface resistivity of the sheet to be that of free-space (no = 12077) so that the sheet 
is an exact match for a normally incident wave. Referring to Figure 8.26(b) for an 
E-plane scan and Figure 8.26(c) for an H-plane scan, we impose that at the boundary 
(z — 0 for all x and y) the ratio of the total tangential electric field to the total tangential 
magnetic field is equal to the surface impedance of the sheet. The same procedure is 
used in electromagnetics to derive the Fresnel reflection and transmission coefficients 
from planar interfaces for vertical and horizontal polarizations [14]. 
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Referring to Figure 8.26(b), we can write that the incident and reflected waves for 
the E- and H-fields as 


E! = Ei (â, cos 6; — â, sin 0; eT O sin Oitz cos) (8-81a) 
Hİ = à. Hijet shoo sin 6;-+z cos 6; ) (8-81b) 

EY = E% (Â, cos 0, + 8, sin 0, e207 oie oon) (8-81c) 
H’ = E He J) E (8-81d) 


Applying boundary conditions on the tangential components of the electric and mag- 
netic field of (8-81a)—(8-81d) gives 


E Fran Ej cos 6; eFkoy sin 0; + E; cos 6,.eFkoy sin 6, 


1o = Han T Hieikoysint; — Hr eikoy sint, (8-82) 
Since 3 
i_ Eo 
Hi = (8-82a) 
no 
; Eb 
Hj = — (8-82b) 
no 
we can write (8-82) as 
Ej (cos 6; — 1)ety sint: — — E? (cos 0, + ])eJforsine (8-83) 
whose only solution independent of y occurs when 6, = 6;. Thus, 
E? 1— 6; 6; 
[jus ccs ee [en (8-84) 
Eo 1 + cos 6; 2 
which can also be written as 
1 
E? 1-—cosÓ uz-lLÀl Z-1 
Ree o PNE CUN) ra (8-85) 


— El  l+cosð; 1 wi Zz% 


cos 6; 


By comparison with the reflection coefficient I of a transmission line with a normalized 
load Z; 


he (8-86) 


the sheet represents an impedance to the wave that varies as 


1 
Zom (8-87) 
cos 6; 


This is usually referred to as a normalized directional impedance [14]. 
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Referring to Figure 8.26(c), it can be shown that for the H-plane scan the reflection 


coefficient is i $ 7 
Pps e c cue (8-88) 
1 + cos 6; 2 


and the sheet represents to the wave a directional impedance that varies as 
Zh = cos; (8-89) 


It is clear that even for such a simple problem of a plane wave impinging on a 
resistive sheet, there is a change, as a function of the scan angle, of the apparent 
impedance that the resistive sheet represents to the wave. 

To illustrate the practical importance of the resistive sheet problem, the computed 
reflection coefficient magnitude for the E- and H-plane scans for arrays of half- 
wavelength dipoles for various spacings d(d = d, = dy) and height h above a ground 
plane are shown in Figures 8.27 (a,b) [41]. The height h was chosen to minimize the 
mismatch in the principal planes of scan. The curves are discontinued at the angles 
where major lobes are equally disposed about broadside and retrace themselves beyond 
that point. The angles of discontinuity become smaller for wider spacings. It is also 
evident that the reflection coefficient for a given scan angle in the principal plane 
becomes smaller as the elements are brought closer together. In the same figures and 
indicated by small x’s is the reflection coefficient of the central element of a large 
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Figure 8.27 Magnitude of reflection coefficient as a function of principal-plane scan angle. 
(Reprinted with permission of MIT Lincoln Laboratory, Lexington, MA.) 
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array of short dipoles with a spacing of dy = dy = 0.14 but without a ground plane. 
The resistive sheet reflection coefficient is also plotted for comparison purposes. It 
should be noted that the results of Figure 8.27 were computed assuming the generator 
impedance is matched to the element driving impedance when the array’s major lobe 
was toward broadside. This requires the tuning of the driving reactance for broadside 
conditions, which for small spacings is exceedingly large. 


8.7.5 Grating Lobes Considerations 


Because of the periodic nature of an infinite array, the impedance behavior as a function 
of scan volume for different elements and interelement spacing can be described in the 
form of an infinite series. This is accomplished by expressing the radiated and stored 
(real and reactive) powers in the vicinity of the array in terms of the current, field 
distribution, or pattern, of a typical element. The analysis, which was pioneered by 
Wheeler [42]; Edelberg and Oliner [43], [44]; and Stark [45] is straightforward, but it 
will not be included here because it requires a knowledge of Fourier transforms, and 
it is beyond the scope of the book at this point. However, some qualitative results will 
be briefly discussed. 

It was shown in Section 6.10.1 that grating lobes in an array can be formed provided 
(6-89a) and (6-89b) are satisfied. This was illustrated by the three-dimensional pattern 
of Figure 6.34. It was indicated there that additional grating lobes can be formed by 
increasing the interelement spacing. The grating lobes disappear as the spacing recedes 
toward zero. In general, grating lobes can be moved into and out of the visible region 
by controlling the spacing and/or relative phase between the elements. 

The dependence of the element driving impedance Zp (x, y) on the pointing direc- 
tion (scan) of the main beam of the array is demonstrated by examining it for different 
elements, spacings, and the presence of a ground plane. The discussion is restricted 
to planar arrays and the impedance variations are illustrated for the E-, H-, and D- 
planes. We define D- as the diagonal plane (45° from the E- and H-planes) and 6,, On, 
and 0,4 as the angles of the main beam from broadside for the E-, H- and D-planes, 
respectively. 

If the elements are polarized in the y-direction, then according to (6-90a) and (6-90b) 
the progressive phase shifts between the elements must be 


By =0 E " E 
Peci A E E OU) 


Px = —kdx sin 6) H-plane scan ($9 = 0°, 09 = On) (8-91) 


2 2 
(£) + (£) =ksin@, D-plane scan (ġo = 45^, 09 = 04) (8-92) 
x y 


To make the presentation of the results more uniform, the element driving impedance 
Zp(@) is displayed on a Smith chart in a normalized form 


Zp(0) — jXp(0 
Z p (O)norm = ae (8-93) 
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where 


Zp(0) = Rp(0) + jXp(0) (8-93a) 
Bo) Roe oy beam pointed at broadside (8-93b) 
Xp(0) = Xp(6 =0) 

In Figure 8.28, we display the normalized driving impedance in the E-, H- and D- 
planes for a planar array of half-wavelength dipoles (/ = 0.5A) spaced d, = d, = 0.554 
[41]. The E- and H-planes are discontinued at 65°. Physically that angle corresponds 
to a grating lobe at —65°, symmetrically disposed relative to the main beam. Scanning 
beyond that point is equivalent to moving the main beam in from 65° or retracing 
the curve. 

For a VSWR of 3:1, the half-wavelength dipole array of Figure 8.28 can be scanned 
up to 45° in the H-plane, 79° in the D-plane, and anywhere in the E-plane; fora VSWR 
of 2:1, then the maximum scan angles are 50° in the E-plane, 40° in the H-plane, and 
77° in the D-plane. For a small dipole (/ = 0.14) the maximum scans are 47° in the 
H -plane, 79° in the D-plane, and anywhere for the E-plane for a 3:1 VSWR; maximum 
scans of 40° in the H-plane, 76° in the D-plane, and anywhere in the E-plane for a 
2:1 VSWR. The results are summarized in Table 8.3 [41]. 

To demonstrate the effects of a ground plane on the element driving impedance, the 
normalized impedance of the half-wavelength (J = 0.54) dipole arrays, when placed 
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Figure 8.28 Normalized element impedance versus scan angle on the E-, H-, and D-planes 
for a planar array of half-wavelength dipoles (£ = 0.5AX) with d, = d, = 0.554 and with no 
ground plane. (Reprinted with permission of MIT Lincoln Laboratory, Lexington, MA.) 
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TABLE 8.3 Maximum Scan Volume of Short and 
Half-Wavelength Dipole Planar Array with 

d, = d, = 0.55% and without Ground Plane for 
VSWRs of 3:1 and 2:1 


Maximum Scan Angle 


Short Dipole Half-Wavelength 
VSWR Scan Plane (J =0.1) Dipole (/ = 0.52) 


E-plane — — 
3:1 H-plane AT? 45° 
D-plane 79° 79° 
E-plane md 50 
2:1 H-plane 40° 40° 
D-plane 76° TIE 


[Reprinted with permission of MIT Lincoln Laboratory, Lexing- 
ton, MA] 


horizontally a height h = 0.254 above an infinite electric ground plane, are displayed 
in Figure 8.29. Physically, the introduction of the ground plane below the horizontal 
electric dipoles prevents them from radiating along the ground plane, so the impedance 
is continuous when a grating lobe moves into the visible region. The maximum scan 
angles for VSWR’s of 3:1 and 2:1 are shown listed in Table 8.4 [41]. 

The impedances of a short dipole (€ = 0.14) are similar to those of the half- 
wavelength dipole shown in Figures 8.28 and 8.29. The most striking variation in 
impedance of a given array of dipoles is accomplished by the introduction of the 
ground plane particularly for scan angles near grating-lobe formation. 

By comparing the results of Tables 8.3 and 8.4 it is evident that if for dipole arrays 
the element spacing for allowing grating lobes to appear marginally is used as a design 
criterion, placing the arrays above a ground plane would give vastly better (but still 
poor) VSWR performance at extreme scans. If, however, the element spacing is chosen 
to maintain the maximum VSWR below a given value, there appears little difference 
between the elements but results in a smaller maximum scan for a given element 
spacing. 

To examine the effect the height h above the ground plane has on the maximum 
VSWR (within a specified scan volume), the maximum VSWR as a function of the 
height for E- and H-plane scans of two large square arrays of half-wavelength dipoles 
with dy = dy = 0.54 and d, = d, = 0.64 spacing between the elements are displayed 
in Figure 8.30. The maximum scan angle is 40° and the arrays are assumed to be 
matched at broadside. It is evident from the results that as the height is decreased the 
maximum E-plane mismatch becomes very large while that of the H-plane decreases 
monotonically. The optimum height which leads to equal maximum mismatches in the 
E- and H-planes of scan for a given scan volume is determined by the spacing between 
the elements. The optimum heights for the two arrays are indicated in Figure 8.30. 

It can be concluded that when an array is placed at its optimum height above 
the ground plane for a given scan volume and the spacing between the elements 
of the array is smaller than that required by the grating lobes, that array will exhibit 


Figure 8.29 
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Normalized element impedance versus scan angle on the E-, H-, and D-planes 


for a planar array of half-wavelength (£ = 0.5A) dipoles with d, = dy = 0.554 and placed 
h — 0.254 above a ground plane. (Reprinted with permission of MIT Lincoln Laboratory, Lex- 


ington, MA.) 


TABLE 8.4 Maximum Scan Volume of Short and 
Half-Wavelength Dipole Planar Array with 

d, = d, = 0.55X and with Ground Plane (h = 0.25%) 
for VSWRs of 3:1 and 2:1 


Maximum Scan Angle 


Short Dipole Half-Wavelength 
VSWR Scan Plane (/20.1*) Dipole (J = 0.5X) 


E-plane 55° 50° 
3:1 H-plane 50° 50° 
D-plane 62° 62° 
E-plane 45° 40° 
2:1 H-plane 40° 40° 
D-plane 52° 50° 


[Reprinted with permission of MIT Lincoln Laboratory, Lexing- 


ton, MA] 
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\ Scan to 40°; matched at broadside 
4 \ -.- d, = dy = 0.5À 
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Height above ground plane (h/A) 


Figure 8.30 VSWR at 0,4, versus height above ground plane for two large planar square arrays 
of half-wavelength (£ = 0.54) dipoles. (Reprinted with permission of MIT Lincoln Laboratory, 
Lexington, MA.) 
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Figure 8.31 Typical magnitude of input reflection coefficient versus scan angle in E- and 
H -planes for infinite array of microstrip patches (courtesy J. T. Aberle and F. Zavosh). 


less impedance variations than the one which just satisfies the scan volume 
requirement. 

To demonstrate the variations of the input reflection coefficient, and thus of the 
input impedance, of an infinite array as a function of scan angle, the input reflection 
coefficient of an infinite array of circular microstrip patches matched at broadside is 
shown in Figure 8.31 for the E-plane and H-plane [46]. The variations are due mainly 
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to coupling between the elements. The variations are more pronounced for the E-plane 
than for the H -plane. For microstrip patches, coupling is attributed to space waves (with 
l/r radial variations), higher order waves (with 1/5? radial variations), surface waves 
(with 1/p* radial variations), and leaky waves [with exp(—Ap)/p!/* radial variations]. 
As is shown in Chapter 14 and Figures 14.39, 14.40, the variations of the reflection 
coefficient can be reduced by suppressing the surface waves supported by the substrate 
using cavities to back the patches [46]. The variations of the reflection coefficient as a 
function of scan angle can lead, due to large values of the reflection coefficient (ideally 
unity), to what is usually referred as array scan blindness [47]—[50]. This is evident 
for the E-plane near 72^—73^ and is due to excitation in that plane of a leaky-wave 
mode, which is not as strongly excited as the scan angle increases beyond those values. 
Scan blindness is reached at a scan angle of 90°. Also there can be degradation of side 
lobe level and main beam shape due to the large variations of the reflection coefficient. 

Scan blindness is attributed to slow waves which are supported by the structure 
of the antenna array. These structures may take the form of dielectric layers (such as 
radomes, superstrates, and substrates) over the face of the array, or metallic grids or 
fence structures. The scan blindness has been referred to as a “forced surface wave” 
[47], [48], or a “leaky wave" [49], resonant response of the slow wave structure by 
the phased array. For the microstrip arrays, the substrate layer supports a slow surface 
wave which contributes to scan blindness [50]. 


8.8 MULTIMEDIA 


In the CD, that is part of the book, the following multimedia resources are included 
for the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Matlab and Fortran Method of Moment computer program, designated MoM, 
for computing and displaying the radiation characteristics of dipoles, using 
Hallén's and Pocklington's integral equations. 

c. Matlab and Fortran computer program, designated Impedance, for computing 
the self and mutual impedance of linear elements. 


d. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


8.1. 


8.2. 


8.3. 


8.4. 


8.5. 


8.6. 


8.7. 


8.8. 


8.9. 


8.10. 


8.11. 


Derive Pocklington's integral equation 8—24 using (8—22) and (8-23). 


Derive the solution of (8—26) to the differential equation of (8—25a). Show that 
Hallén's integral equation can be written as (8—27). 


Show that the incident tangential electric field (E i) generated on the surface of 
a wire of radius a by a magnetic field generator of (8—30) is given by (8-31). 


Reduce (8—31) to (8—32) valid only along the z axis (o = 0). 


For the center-fed dipole of Example 8.3 write the [Z] matrix for N = 21 
using for the gap the delta-gap generator and the magnetic-frill generator. Use 
the computer program Moment Method (Pocklington) of this chapter. 


For an infinitesimal center-fed dipole of £ = 4/50 and radius a = 0.0054, derive 
the input impedance using Pocklington’s integral equation with piecewise con- 
stant subdomain basis functions and point-matching. Use N = 21 and model the 
gap as a delta-gap generator and as a magnetic-frill generator. Use the Moment 
Method (Pocklington) computer program of this chapter. 


Using the Moment Method (Hallén) computer program at the end of the chapter, 
compute the input impedance of a à/4 and 34/4 dipole with an l/d ratio of 
l/d = 50 and 25. Use 20 subsections. Compare the results with the impedances 
of a dipole with //d = 10°. Plot the current distribution and the far-field pattern 
of each dipole. 


Derive (8-53)—(8-55b) using (8-52), (3-2a), and (4-56). 


For a linear dipole with sinusoidal current distribution, radiating in free-space, 
find the radiation Zim and the input Zi, impedances when a = 4/20. Verify 
using the computer program Self And Mutual Impedances of this chapter. 

(a) L=1/4 (b 1=A/2 

(c) 1234/4 (d I-A 


A A/2 dipole of finite radius is not self-resonant. However, if the dipole is 

somewhat less than 4/2, it becomes self-resonant. For a dipole with radius of 

a = 4/200 radiating in free-space, find the 

(a) nearest length by which the 4/2 dipole becomes self-resonant 

(b) radiation resistance (referred to the current maximum) of the new reso- 
nant dipole 

(c) input resistance 

(d) VSWR when the dipole is connected to a 50-ohm line 


Find the length, at the first resonance, of linear dipoles with wire radii of 
(a 1024 (b) 1074A 

(c) 1024 (d) 107A 

Compute the radiation resistance of each. 


8.12. 


8.13. 


8.14. 


8.15. 
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A quarter-wavelength monopole of radius a = 107? is placed upon an infinite 
ground plane. Determine the 


(a) impedance of the monopole 


(b) length by which it must be shortened to become self-resonant (first 
resonance) 


(c) impedance of the monopole when its length is that given in part b. 
(d) VSWR when the monopole of part b is connected to a 50-ohm line. 


For two half-wavelength dipoles radiating in free-space, compute (using 
equations, not curves) the mutual impedance Z»;;, referred to the current 
maximum for 

(a) side-by-side arrangement with d = 4/4 

(b) collinear configuration with s = 2/4 

Verify using the computer program Self And Mutual Impedances of this 
chapter. 


Two identical linear 4/2 dipoles are placed in a collinear arrangement a distance 
s = 0.354 apart. Find the driving-point impedance of each. Verify using the 
computer program Self And Mutual Impedances of this chapter. 


Two identical linear 4/2 dipoles are placed in a collinear arrangement. Find 
the spacings between them so that the driving-point impedance of each has the 
smallest reactive part. 
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CHAPTER 9 


E e eo enfe) eo) rea [o 
Broadband Dipoles and Matching Techniques 


9.1 INTRODUCTION 


In Chapter 4 the radiation properties (pattern, directivity, input impedance, mutual 
impedance, etc.) of very thin-wire antennas were investigated by assuming that the 
current distribution, which in most cases is nearly sinusoidal, is known. In practice, 
infinitely thin (electrically) wires are not realizable but can be approximated. In addi- 
tion, their radiation characteristics (such as pattern, impedance, gain, etc.) are very 
sensitive to frequency. The degree to which they change as a function of frequency 
depends on the antenna bandwidth. For applications that require coverage over a broad 
range of frequencies, such as television reception of all channels, wide-band antennas 
are needed. There are numerous antenna configurations, especially of arrays, that can 
be used to produce wide bandwidths. Some simple and inexpensive dipole configura- 
tions, including the conical and cylindrical dipoles, can be used to accomplish this to 
some degree. 

For a finite diameter wire (usually d > 0.054) the current distribution may not be 
sinusoidal and its effect on the radiation pattern of the antenna is usually negligible. 
However, it has been shown that the current distribution has a pronounced effect on 
the input impedance of the wire antenna, especially when its length is such that a near 
null in current occurs at its input terminals. The effects are much less severe when a 
near current maximum occurs at the input terminals. 

Historically there have been three methods that have been used to take into account 
the finite conductor thickness. The first method treats the problem as boundary-value 
problem [1], the second as a tapered transmission line or electromagnetic horn [2], 
and the third finds the current distribution on the wire from an integral equation [3]. 
The boundary-value approach is well suited for idealistic symmetrical geometries (e.g., 
ellipsoids, prolate spheroids) which cannot be used effectively to approximate more 
practical geometries such as the cylinder. The method expresses the fields in terms of 
an infinite series of free oscillations or natural modes whose coefficients are chosen to 
satisfy the conditions of the driving source. For the assumed idealized configurations, 
the method does lead to very reliable data, but it is very difficult to know how to 
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approximate more practical geometries (such as a cylinder) by the more idealized 
configurations (such as the prolate spheroid). For these reasons the boundary-value 
method is not very practical and will not be pursued any further in this text. 

In the second method Schelkunoff represents the antenna as a two-wire uniformly 
tapered transmission line, each wire of conical geometry, to form a biconical antenna. 
Its solution is obtained by applying transmission-line theory (incident and reflected 
waves), so well known to the average engineer. The analysis begins by first finding the 
radiated fields which in turn are used, in conjunction with transmission-line theory, to 
find the input impedance. 

For the third technique, the main objectives are to find the current distribution on 
the antenna and in turn the input impedance. These were accomplished by Hallén by 
deriving an integral equation for the current distribution whose approximate solution, of 
different orders, was obtained by iteration and application of boundary conditions. Once 
a solution for the current is formed, the input impedance is determined by knowing 
the applied voltage at the feed terminals. 

The details of the second method will follow in summary form. The integral equation 
technique of Hallén, along with that of Pocklington, form the basis of Moment Method 
techniques which were discussed in Chapter 8. 


[9 


(a) classic (narrow BW) (b) biconical (intermediate BW) 


(c) tapered (intermediate BW) (d) hemispherical (wide BW) 


Figure 9.1 Dipole configurations and associated qualitative bandwidths (BW). 
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One of the main objectives in the design of an antenna is to broadband its char- 
acteristics —increase its bandwidth. Usually, this is a daunting task, especially if the 
specifications are quite ambitious. Typically, the response of each antenna, versus fre- 
quency, can be classified qualitatively into four categories: narrowband, intermediate 
band, and wide band. In Chapter 11, Section 11.5, it is pointed out that the bandwidth 
of an antenna (which can be enclosed within a sphere of radius r) can be improved 
only if the antenna utilizes efficiently, with its geometrical configuration, the available 
volume within the sphere. In Figure 9.1, we exhibit four different dipole configurations, 
starting with the classic dipole in Figure 9.1(a) and concluding with the hemispher- 
ical dipole of Figure 9.1(d). If we were to examine the frequency characteristics of 
a dipole on the basis of this fundamental principle, we can qualitatively categorize 
the frequency response of the different dipole configurations of Figure 9.1 into three 
groups; narrowband, intermediate band, and wide band. The same can be concluded 
for the geometries of the four monopole geometries of Figure 9.2. It should be pointed 
out that the third configuration (tapered) in each figure will provide the best reflection 
(matching) efficiency when fed from traditional transmission lines. Although in each 
of the previous two figures, Figures 9.1 and 9.2, the last two configurations (d and e 
in each) exhibit the most broadband characteristics, usually these geometries are not as 
convenient and economical for practical implementation. However, any derivatives of 
these geometries, especially two-dimensional simulations, are configurations that may 
be used to broadband the frequency characteristics. 

Since the biconical antenna of Figure 9.1(b) and derivatives of it are classic config- 
urations with practical applications, they will be examined in some detail in the section 
that follows. 


(a) classical (narrow BW) (b) conical (intermediate BW) 


(c) tapered (intermediate BW) (d) hemispherical (wide BW) 


Figure 9.2 Monopole configurations and associated qualitative bandwidths (BW). 
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9.2 BICONICAL ANTENNA 


One simple configuration that can be used to achieve broadband characteristics is the 
biconical antenna formed by placing two cones of infinite extent together, as shown in 
Figure 9.3(a). This can be thought to represent a uniformly tapered transmission line. 
The application of a voltage V; at the input terminals will produce outgoing spherical 
waves, as shown in Figure 9.3(b), which in turn produce at any point (7,0 = 0,,$) a 
current / along the surface of the cone and voltage V between the cones (Figure 9.4). 
These can then be used to find the characteristic impedance of the transmission line, 
which is also equal to the input impedance of an infinite geometry. Modifications to 
this expression, to take into account the finite lengths of the cones, will be made using 
transmission-line analogy. 


æl2 


Transmission 
_ feed line 
»-y 


(a) Biconical geometry 


CP 


(b) Spherical waves 


Figure 9.3  Biconical antenna geometry and radiated spherical waves. 
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Figure 9.4 Electric and magnetic fields, and associated voltages and currents, for a biconi- 
cal antenna. 


9.2.1 Radiated Fields 


The analysis begins by first finding the radiated E- and H-fields between the cones, 
assuming dominant TEM mode excitation (E and H are transverse to the direction 
of propagation). Once these are determined for any point (r, 0, $), the voltage V and 
current J at any point on the surface of the cone (r, 9 = 0., $) will be formed. From 
Faraday's law we can write that 


V x E= -jouH (9-1) 


which when expanded in spherical coordinates and assuming that the E-field has only 
an Eg component independent of $, reduces to 


4 19 VP" A " 
VxE= 4o 73, (Ee) = —jo(a, H, + âo Ho + ag Ay) (9-2) 


Since H only has an Hg component, necessary to form the TEM mode with Eg, (9-2) 
can be written as 


19 f 
-—(r Eo) = —jøn Ho (9-2a) 
r or 
From Ampere’s law we have that 
V x H= +jocE (9-3) 


which when expanded in spherical coordinates, and assuming only Eg and Hy com- 
ponents independent of $, reduces to 


1 ð 1 a 
à, —— | —(r sind Hy) | — âo —— | —(r sino Hy) | = + jee (âo E 4 
sind E cece : Maa B (r sino | Tjee(ügEs) (9-4) 
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which can also be written as 


0 

gf sin 0 Hy) = 0 (9-4a) 
0 i ; 
PEETI ao sin0 Hy) = — joe Eg (9-4b) 
Rewriting (9-4b) as 

198 
——(r Hy) = — jwe Eo (9-5) 

ror 


and substituting it into (9-2a) we form a differential equation for Hy as 


1 afoa ; 
~ jer ar EJ cocuepHs (9-6) 
Or 
9? 2 2 
galo) = —w ue (r Hg) = —k*(r Hg) (9-6a) 


A solution for (9-6a) must be obtained to satisfy (9-4a). To meet the condition of 
(9-4a), the 0 variations of Hy must be of the form 


af 
B sind 


(9-7) 


A solution of (9-6a), which also meets the requirements of (9-7) and represents an 
outward traveling wave, is 


fee (9-8) 
m sinô r 
where 
e V 
f(r) = Ho (9-8a) 


An inward traveling wave is also a solution but does not apply to the infinitely 
long structure. 

Since the field is of TEM mode, the electric field is related to the magnetic field by 
the intrinsic impedance, and we can write it as 


Ho e jkr 
Eg = ny = nz (9-9) 
sinO r 
In Figure 9.4(a) we have sketched the electric and magnetic field lines in the space 
between the two conical structures. The voltage produced between two corresponding 
points on the cones, a distance r from the origin, is found by 


m—a/2 m—a/2 m—a/2 
V(r) = f E. dl= f (âo Eo) $ (àgrd0) = i Egr dO (9-10) 
o/2 o/2 a/2 
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or by using (9-9) 


pop d0 cot(a/4) 
V — nH —jkr — nH —jkr 1 fee Neh gs 
y= ve n sin 0 Gale j E 
a -jkr 9 : 
V(r) = 2nHge 7" In [cot (2)] (9-10a) 


The current on the surface of the cones, a distance r from the origin, is found by using 
(9-8) as 


27 2x 
I(r) = Hor sind d$ = me f d$ = 27 Hye!" (9-11) 
0 0 


In Figure 9.4(b) we have sketched the voltage and current at a distance r from the origin. 
9.2.2 Input Impedance 


A. Infinite Cones 
Using the voltage of (9-10a) and the current of (9-11), we can write the characteristic 


impedance as 
y n = Zin [e (2)] (9-12) 


Since the characteristic impedance is not a function of the radial distance r, it also 
represents the input impedance at the antenna feed terminals of the infinite structure. 
For a free-space medium, (9-12) reduces to 


Zoe = 1201n [cot (2)] (9-122) 


which is a pure resistance. For small cone angles 


722 Zin [cot (2)] = Zin Eo ~ Zin (2) (9-12b) 


Variations of Zin as a function of the half-cone angle a@/2 are shown plotted in 
Figure 9.5(a) for 0° < œ/2 < 90° and in Figure 9.5(b) in an expanded scale for 0^ < 
a/2 < 2°. Although the half-cone angle is not very critical in the design, it is usually 
chosen so that the characteristic impedance of the biconical configuration is nearly the 
same as that of the transmission line to which it will be attached. Small angle biconical 
antennas are not very practical but wide-angle configurations (30° < a/2 < 60°) are 
frequently used as broadband antennas. 

The radiation resistance of (9-12) can also be obtained by first finding the total 
radiated power 


27 m—a/2 E 2 m—a/2 dO 
Pad = f Wo - ds =f / EE sin 0d0d¢ = runs? f 
4 0 Jan 2n 0 sin Ó 


a 


Paa = 27 | Ho) In [cot (2)] (9-13) 
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(b) Input impedance in expanded scale 


Figure 9.5 Input impedance of an infinitely long biconical antenna radiating in free-space. 


and by using (9-11) evaluated at r = 0 we form 


R, = 2 Pa = Tn [cot (=) (9-14) 


~ HOP 


which is identical to (9-12). 


B. Finite Cones 

The input impedance of (9-12) or (9-14) is for an infinitely long structure. To take into 
account the finite dimensions in determining the input impedance, Schelkunoff [2] has 
devised an ingenious method where he assumes that for a finite length cone (r = 1/2) 


BICONICAL ANTENNA 505 


10,000 


10,000 =r 
i l 
iB E 
i 
34 EH 
1,000 ici A 1,000 
" il Y = 
E 1 E 
S Hl e $ 
3 ] E 
x X 
[^] o 
o o 
E S 
2 o 
[2] cà 
e B 
5 3 
a A 
E- xz 
il i: hd 
al 
k-z i- 1 
105 5 4 6 8 105 2 4 6 8 
TIIA LIPS 
o 1° 
PE — 
a/2=5 a/2 4 
aJ = 2° — .--—---—----- a/2 = oa 
o il 
ee = rm zd 
al o[2 100 
(a) Resistance 


(b) Reactance 


Figure 9.6 Input impedance (at feed terminals) of finite length biconical antenna. (SOURCE: 
H. Jasik (ed.), Antenna Engineering Handbook, McGraw-Hill, New York, 1961, Chapter 3). 


some of the energy along the surface of the cone is reflected while the remaining 
is radiated. Near the equator most of the energy is radiated. This can be viewed as 
a load impedance connected across the ends of the cones. The electrical equivalent 
is a transmission line of characteristic impedance Ze terminated in a load impedance 
Zr. Computed values [4] for the input resistance and reactance of small angle cones 
are shown in Figure 9.6. It is apparent that the antenna becomes more broadband (its 
resistance and reactance variations are less severe) as the cone angle increases. 

The biconical antenna represents one of the canonical problems in antenna the- 


ory, and its model is well suited for examining general characteristics of dipole- 
type antennas. 
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C. Unipole 

Whenever one of the cones is mounted on an infinite plane conductor (i.e., the lower 
cone is replaced by a ground plane), it forms a unipole and its input impedance is one- 
half of the two-cone structure. Input impedances for unipoles of various cone angles 
as a function of the antenna length / have been measured [5]. Radiation patterns of 
biconical dipoles fed by coaxial lines have been computed by Papas and King [6]. 


9.3 TRIANGULAR SHEET, BOW-TIE, AND WIRE SIMULATION 


Because of their broadband characteristics, biconical antennas have been employed 
for many years in the VHF and UHF frequency ranges. However, the solid or shell 
biconical structure is so massive for most frequencies of operation that it is impractical 
to use. Because of its attractive radiation characteristics, compared to those of other 
single antennas, realistic variations to its mechanical structure have been sought while 
retaining as many of the desired electrical features as possible. 

Geometrical approximations to the solid or shell conical unipole or biconical antenna 
are the triangular sheet and bow-tie antennas shown in Figures 9.7(a) and (b), respec- 
tively, each fabricated from sheet metal. The triangular sheet has been investigated 
experimentally by Brown and Woodward [5]. Each of these antennas can also be sim- 
ulated by a wire along the periphery of its surface which reduces significantly the 
weight and wind resistance of the structure. The computed input impedances and 
radiation patterns of wire bow-tie antennas, when mounted above a ground plane, 
have been computed using the Moment Method [7]. The impedance is shown plotted 
in Figure 9.8. A comparison of the results of Figure 9.8 with those of reference [5] 
reveals that the bow-tie antenna does not exhibit as broadband characteristics (i.e., 
nearly constant resistance and essentially zero reactance over a large frequency range) 
as the corresponding solid biconical antenna for 30° < œ < 90°. Also for a given flare 
angle the resistance and reactance of the bow-tie wire structure fluctuate more than for 
a triangular sheet antenna. Thus the wire bow-tie is very narrowband as compared to 
the biconical surface of revolution or triangular sheet antenna. 


DA 
VAN 
—_—~ 
—_¢e 
is 
YN 
(a) Triangular sheet (b) Bow-tie (c) Wire simulation 


Figure 9.7 Triangular sheet, bow-tie, and wire simulation of biconical antenna. 
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Figure 9.8 Computed impedance of wire bow-tie (or wire unipole) as a function of length for 
various included angles. (source: C. E. Smith, C. M. Butler, and K. R. Umashankar, "Charac- 
teristics of Wire Biconical Antenna," Microwave Journal, pp. 37—40, September 1979). 
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In order to simulate better the attractive surface of revolution of a biconical antenna 
by low-mass structures, multielement intersecting wire bow-ties were employed as 
shown in Figure 9.7(c). It has been shown that eight or more intersecting wire- 
constructed bow-ties can approximate reasonably well the radiation characteristics of 
a conical body-of-revolution antenna. 


9.4 CYLINDRICAL DIPOLE 


Another simple and inexpensive antenna whose radiation characteristics are frequency 
dependent is a cylindrical dipole (i.e., a wire of finite diameter and length) of the form 
shown in Figure 9.9. Thick dipoles are considered broadband while thin dipoles are 
more narrowband. This geometry can be considered to be a special form of the biconical 
antenna when o = 0°. A thorough analysis of the current, impedance, pattern, and 
other radiation characteristics can be performed using the Moment Method. With that 
technique the antenna is analyzed in terms of integral formulations of the Hallén and 
Pocklington type which can be evaluated quite efficiently by the Moment Method. The 
analytical formulation of the Moment Method has been presented in Chapter 8. In this 
section we want to present, in summary form, some of its performance characteristics. 


9.4.1 Bandwidth 


As has been pointed out previously, a very thin linear dipole has very narrowband 
input impedance characteristics. Any small perturbations in the operating frequency 
will result in large changes in its operational behavior. One method by which its 
acceptable operational bandwidth can be enlarged will be to decrease the //d ratio. 


PES 
d=2a 


Figure 9.9  Center-fed cylindrical antenna configuration. 
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For a given antenna, this can be accomplished by holding the length the same and 
increasing the diameter of the wire. For example, an antenna with a l/d ~ 5,000 has 
an acceptable bandwidth of about 3%, which is a small fraction of the center frequency. 
An antenna of the same length but with a //d ~ 260 has a bandwidth of about 30%. 


9.4.2 Input Impedance 


The input impedance (resistance and reactance) of a very thin dipole of length / and 
diameter d can be computed using (8-60a)—(8-61b). As the radius of the wire increases, 
these equations become inaccurate. However, using integral equation analyses along 
with the Moment Method of Chapter 8, input impedances can be computed for wires 
with different //d ratios. In general, it has been observed that for a given length wire 
its impedance variations become less sensitive as a function of frequency as the l/d 
ratio decreases. Thus more broadband characteristics can be obtained by increasing 
the diameter of a given wire. To demonstrate this, in Figures 9.10(a) and (b) we have 
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Figure 9.10 (a) Input resistance and (b) reactance of wire dipoles. 
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plotted, as a function of electrical length (as a function of frequency for a constant 
physical length), the input resistance and reactance of dipoles with //d = 10*(Q = 
19.81), 50(Q = 9.21), and 25(Q = 6.44) where Q = 21n(2//d). For l/d = 10* the 
values were computed using (8-60a) and (8-61a) and then transferred to the input 
terminals by (8-60b) and (8-61b), respectively. The others were computed using the 
Moment Method techniques of Chapter 8. It is noted that the variations of each are 
less pronounced as the //d ratio decreases, thus providing greater bandwidth. 

Measured input resistances and reactances for a wide range of constant l/d ratios 
have been reported [8]. These curves are for a cylindrical antenna driven by a coaxial 
cable mounted on a large ground plane on the earth's surface. Thus they represent half 
of the input impedance of a center-fed cylindrical dipole radiating in free-space. The 
variations of the antenna's electrical length were obtained by varying the frequency 
while the length-to-diameter (//d) ratio was held constant. 


9.4.3 Resonance and Ground Plane Simulation 


The imaginary part of the input impedance of a linear dipole can be eliminated by 
making the total length, /, of the wire slightly less than an integral number of half- 
wavelengths (i.e., / slight less than nA/2,n = 1,3,...) or slightly greater than an 
integral number of wavelengths (i.e., / slightly greater than nà, n = 1,2,...). The 
amount of reduction or increase in length, is a function of the radius of the wire, and it 
can be determined for thin wires iteratively using (8-60b) and (8-61b). At the resonance 
length, the resistance can then be determined using (8-60a) and (8-61a). Empirical 
equations for approximating the length, impedance, and the order of resonance of the 


TABLE 9.1 Cylindrical Dipole Resonances 


First Second Third Fourth 
Resonance Resonance Resonance Resonance 
LENGTH 0.48AF 0.96AF 1.44AF 1.92AF 
R2 R? 
RESISTANCE (oh 67 — 95 — 
bns) 67 95 
HED iBLESSOTOE 109) 
= > hn = (0) a 
1+1/2a Bio 


TABLE 9.2 Cylindrical Stub Resonances 


First Second Third Fourth 
Resonance Resonance Resonance Resonance 
LENGTH 0.24. F' 0.481 F' 0.72. F' 0.96A F’ 
RESISTANCE (ohms) 34 (Y 48 Qu 
ohms ——— ——— 
34 48 
l/a 


‘= ——_; R,' = 751 l 
1+l/a ogg /a) 
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cylindrical dipoles are found in Table 9.1 [9]. R, is called the natural resistance and 
represents the geometric mean resistance at an odd resonance and at the next higher 
even resonance. For a cylindrical stub above a ground plane, as shown in Figure 9.11, 
the corresponding values are listed in Table 9.2 [9]. 

To reduce the wind resistance, to simplify the design, and to minimize the costs, 
a ground plane is often simulated, especially at low frequencies, by crossed wires as 
shown in Figure 9.11(b). Usually only two crossed wires (four radials) are employed. 
A larger number of radials results in a better simulation of the ground plane. Ground 
planes are also simulated by wire mesh. The spacing between the wires is usually 
selected to be equal or smaller than 4/10. The flat or shaped reflecting surfaces for 
UHF educational TV are usually realized approximately by using wire mesh. 


9.4.4 Radiation Patterns 


The theory for the patterns of infinitesimally thin wires was developed in Chapter 4. 
Although accurate patterns for finite diameter wires can be computed using cur- 
rent distributions obtained by the Moment Method of Chapter 8, the patterns cal- 
culated using ideal sinusoidal current distributions, valid for infinitely small diam- 
eters, provide a good first-order approximation even for relatively thick cylinders. 
To illustrate this, in Figure 9.12 we have plotted the relative patterns for l = 34/2 
with //d = 10*(Q = 19.81), 50(Q = 9.21), 25(Q = 6.44), and 8.7(Q = 5.71), where 
Q = 21n(2//d). For l/d = 10^ the current distribution was assumed to be purely sinu- 
soidal, as given by (4-56); for the others, the Moment Method techniques of Chapter 8 


(a) Cylindrical monopole 


(b) Wire simulation of ground plane 


Figure 9.11 Cylindrical monopole above circular solid and wire-simulated ground planes. 
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Figure 9.12 Amplitude radiation patterns of a 34/2 dipole of various thicknesses. 


were used. The patterns were computed using the Moment Method formulations out- 
lined in Section 8.4. It is noted that the pattern is essentially unaffected by the thickness 
of the wire in regions of intense radiation. However, as the radius of the wire increases, 
the minor lobes diminish in intensity and the nulls are filled by low-level radiation. The 
same characteristics have been observed for other length dipoles such as / = A/2, A 
and 2A. The input impedance for the / = 4/2 and | = 34/2 dipoles, with //d = 10^, 
50, and 25, is equal to 


1=A/2 1 = 34/2 
Zin(I/d = 104) 273. + 742.5 Zin(L/d = 10*) = 105.49 + j45.54 


Zin (l/d = 50) = 85.8 + j54.9 Zin(l/d = 50) = 103.3 + 79.2 (9-15) 
Zin (I/d = 25) = 88.4 + j27.5 Zin(l/d = 25) = 106.8 + j4.9 
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9.4.5 Equivalent Radii 


Up to now, the formulations for the current distribution and the input impedance assume 
that the cross section of the wire is constant and of radius a. An electrical equivalent 
radius can be obtained for some uniform wires of noncircular cross section. This is 
demonstrated in Table 9.3 where the actual cross sections and their equivalent radii 
are illustrated. 

The equivalent radius concept can be used to approximate the antenna or scattering 
characteristics of electrically small wires of arbitrary cross sections. It is accomplished 
by replacing the noncircular cross-section wire with a circular wire whose radius is the 
“equivalent” radius of the noncircular cross section. In electrostatics, the equivalent 
radius represents the radius of a circular wire whose capacitance is equal to that of 
the noncircular geometry. This definition can be used at all frequencies provided the 
wire remains electrically small. The circle with equivalent radius lies between the 
circles which circumscribe and inscribe the geometry and which together bound the 
noncircular cross section. 


9.4.6 Dielectric Coating 


Up to now it has been assumed that the wire antennas are radiating into free-space. 
The radiation characteristics of a wire antenna (current distribution, far-field pattern, 
input impedance, bandwidth, radiation efficiency, and effective length) coated with a 
layer of electrically and magnetically lossless [10] or lossy [11] medium, as shown in 
Figure 9.13, will be affected unless the layer is very thin compared to the radius and 
the wavelength. The problem was investigated analytically by the Moment Method 
and the effects on the radiation characteristics can be presented by defining the two 


parameters : 
P= (=) (2) (9-16) 
€, a 


b 
Q = (ù, — 1)In (2) (9-17) 


é, = relative (to the ambient medium) complex permittivity 
Èr = relative (to the ambient medium) complex permeability 
a — radius of the conducting wire 
b — a — thickness of coating 


In general: 


1. Increasing the real part of either P or Q 
a. increases the peak input admittance 
b. increases the electrical length (lowers the resonant frequency) 
c. narrows the bandwidth 
2. Increasing the imaginary part of P or Q 
a. decreases the peak input admittance 
decreases the electrical length (increases the resonant frequency) 
increases the bandwidth 
accentuates the power dissipated (decreases the radiation efficiency) 


ono SF 


accentuates the traveling wave component of the current distribution 
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TABLE 9.3 Conductor Geometrical Shapes and their Equivalent Circular 
Cylinder Radii 


Geometrical Shape Electrical Equivalent Radius 


YOO ae = 0.25a 


ae ~ 0.2(a + b) 


ae = 0.59a 
0.6 —_ 
x 0.4 z 

= 
0.2 EELEE ji 

0 0.2 0.4 0.6 0.8 1.0 

b/a 
ae = i(a +b) 
1 
Ina, ~ ————s 

(S, + $5? 


x [57 Ina, T S Ina» T 28) So Ins] 
S1, So = peripheries of conductors C1, C2 


4j, a = equivalent radii of conductors C1, C; 
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Figure 9.13 Coated linear dipole. 


Thus the optimum bandwidth of the antenna can be achieved by choosing a lossy 
dielectric material with maximum imaginary parts of P and Q and minimum real 
parts. However, doing this decreases the radiation efficiency. In practice, a trade-off 
between bandwidth and efficiency is usually required. This is not a very efficient 
technique to broadband the antenna. 


9.5 FOLDED DIPOLE 


To achieve good directional pattern characteristics and at the same time provide good 
matching to practical coaxial lines with 50- or 75-ohm characteristic impedances, the 
length of a single wire element is usually chosen to be 4/4 < l < A. The most widely 
used dipole is that whose overall length is / — 4/2, and which has an input impedance 
of Zin — 73 + j42.5 and directivity of D — 1.643. In practice, there are other very 
common transmission lines whose characteristic impedance is much higher than 50 
or 75 ohms. For example, a “twin-lead” transmission line (usually two parallel wires 
separated by about = in. and embedded in a low-loss plastic material used for support 
and spacing) is widely used for TV applications and has a characteristic impedance of 
about 300 ohms. 

In order to provide good matching characteristics, variations of the single dipole 
element must be used. One simple geometry that can achieve this is a folded wire 
which forms a very thin (s < A) rectangular loop as shown in Figure 9.14(a). This 
antenna, when the spacing between the two larger sides is very small (usually s < 
0.054), is known as a folded dipole and it serves as a step-up impedance transformer 
(approximately by a factor of 4 when / = 4/2) of the single-element impedance. Thus 
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(a) Folded dipole (b) Transmission- (c) Antenna mode 
line mode 


Figure 9.14 Folded dipole and its equivalent transmission-line and antenna mode models. 
(source: G. A. Thiele, E. P. Ekelman, Jr., and L. W. Henderson, “On the Accuracy of the 
Transmission Line Model for Folded Dipole,” IEEE Trans. Antennas Propagat., Vol. AP-28, 
No. 5, pp. 700—703, September 1980. © (1980) IEEE). 


when / = 4/2 and the antenna is resonant, impedances on the order of about 300 ohms 
can be achieved, and it would be ideal for connections to “twin-lead”’ transmission lines. 

A folded dipole operates basically as a balanced system, and it can be analyzed by 
assuming that its current is decomposed into two distinct modes: a transmission-line 
mode [Figure 9.14(b)] and an antenna mode [Figure 9.14(c)]. This type of an analytic 
model can be used to predict accurately the input impedance provided the longer 
parallel wires are close together electrically (s «& 2). 

To derive an equation for the input impedance, let us refer to the modeling of 
Figure 9.14. For the transmission-line mode of Figure 9.14(b), the input impedance at 
the terminals a — b or e — f, looking toward the shorted ends, is obtained from the 
impedance transfer equation 


ZL + j Zo tan(kl’) , l 
Gia o | Ee Que A. azan s 9-18 
oes. E JZ, -M MEO an( 5) Gls) 


where Zo is the characteristic impedance of a two-wire transmission line 


(9-19) 
T T 


2 2 2)? — a? 
z= Moos (22) = 1 | riego v6 =a | 
a a 
which can be approximated for 5/2 >> a by 


JU T 


2 — 42 
dris [ox VPP =a | ~ Zin(£) = 0.733 l0g;() — 0-099 
a a a 
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Since the voltage between the points a and b is V/2, and it is applied to a transmission 
line of length //2, the transmission-line current is given by 


| vn 


l, = 9-20 
(=> (9-20) 


For the antenna mode of Figure 9.14(c), the generator points c — d and g — h are 
each at the same potential and can be connected, without loss of generality, to form 
a dipole. Each leg of the dipole is formed by a pair of closely spaced wires (s «& à) 
extending from the feed (c — d or g — h) to the shorted end. Thus the current for the 
antenna mode is given by 

V/2 
I, —— (9-21) 

Za 
where Z, is the input impedance of a linear dipole of length / and diameter d computed 
using (8-60a)—(8-61b). For the configuration of Figure 9.14(c), the radius that is used 
to compute Z4 for the dipole can be either the half-spacing between the wires (5/2) or 
an equivalent radius ae. The equivalent radius a, is related to the actual wire radius a 
by (from Table 9.3) 


1 1 1 Kj 
In(a.) = 5 In(a) + 5 In(s) = In(a) + 5 In (=) = In Jas (9-22) 
or 
duas (9-222) 


It should be expected that the equivalent radius yields the most accurate results. 
The total current on the feed leg (left side) of the folded dipole of Figure 9.12(a) is 
given by 


I, V V VOZ TZ 
In = L += == Soal aa (9-23) 
2 2Z, 424 4Z,Za 
1 and the input impedance at the feed by 
V 2Z,(4Z 4Z,Z, 
Gey (4Za) — L (9-24) 


LOZ BAZ 2Za+Zı 


Based on (9-24), the folded dipole behaves as the equivalent of Figure 9.15(a) in 
which the antenna mode impedance is stepped up by a ratio of four. The transformed 
impedance is then placed in shunt with twice the impedance of the nonradiating 
(transmission-line) mode to result in the input impedance. 

When / = 4/2, it can be shown that (9-24) reduces to 


or that the impedance of the folded dipole is four times greater than that of an isolated 
dipole of the same length as one of its sides. This is left as an exercise for the reader 
(Prob. 9.9). 
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zx 


(b) N-element 


Figure 9.15 Equivalent circuits for two-element and N-element (with equal radii elements) 
folded dipoles. 


(a) Folded dipole (b) Regular dipole 


Figure 9.16 Folded dipole and equivalent regular dipole. 


The impedance relation of (9-25) for the / = 4/2 can also be derived by referring to 
Figure 9.16. Since for a folded dipole the two vertical arms are closely spaced (s «& A), 
the current distribution in each is identical as shown in Figure 9.16(a). The equivalent of 
the folded dipole of Figure 9.16(a) is the ordinary dipole of Figure 9.16(b). Comparing 
the folded dipole to the ordinary dipole, it is apparent that the currents of the two 
closely spaced and identical arms of the folded dipole are equal to the one current of 
the ordinary dipole, or 


21g = la (9-26) 
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where J, is the current of the folded dipole and 74 is the current of the ordinary dipole. 
Also the input power of the two dipoles are identical, or 


P aly =P, za 27 (9-27) 
f= 3f f= a= d d 


Substituting (9-26) into (9-27) leads to 
Zp =4Zq (9-28) 


where Zp is the impedance of the folded dipole while Z4 is the impedance of the 
ordinary dipole. Equation (9-28) is identical to (9-25). 

To better understand the impedance transformation of closely spaced conductors (of 
equal diameter) and forming a multielement folded dipole, let us refer to its equivalent 
circuit in Figure 9.15(b). For N elements, the equivalent voltage at the center of each 
conductor is V/N and the current in each is J,,n = 1,2, 3, ..., N. Thus the voltage 
across the first conductor can be represented by 


V N 
N = 5 InZin (9-29) 
n=1 


where Zin represents the self or mutual impedance between the first and nth element. 
Because the elements are closely spaced 


Lf and Zin c Zi (9-30) 


for all values of n = 1,2,..., N. Using (9-30), we can write (9-29) as 


V N N 
y= Yo InZin ~h 5 Zin > NI Zi (9-31) 
n=1 n=1 
or 
V 2 2 
Zin = ps N°Z\, = N°Z, (9-31a) 
1 


since the self-impedance Zi, of the first element is the same as its impedance Z, in the 
absence of the other elements. Additional impedance step-up of a single dipole can be 
obtained by introducing more elements. For a three-element folded dipole with elements 
of identical diameters and of l ~ 4/2, the input impedance would be about nine times 
greater than that of an isolated element or about 650 ohms. Greater step-up transfor- 
mations can be obtained by adding more elements; in practice, they are seldom needed. 
Many other geometrical configurations of a folded dipole can be obtained which would 
contribute different values of input impedances. Small variations in impedance can be 
obtained by using elements of slightly different diameters and/or lengths. 

To test the validity of the transmission-line model for the folded dipole, a number 
of computations were made [12] and compared with data obtained by the Moment 
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(b) Input reactance 


Figure 9.17 Input resistance and reactance of folded dipole. (source: G. A. Thiele, E. P. Ekel- 
man, Jr., and L. W. Henderson, “On the Accuracy of the Transmission Line Model for Folded 
Dipole,” IEEE Trans. Antennas Propagat., Vol. AP-28, No. 5, pp. 700—703, September 1980. 
€ (1980) IEEE). 


Method, which is considered to be more accurate. In Figures 9.17(a) and (b) the input 
resistance and reactance for a two-element folded dipole is plotted as a function of 
1/X when the diameter of each wire is d = 2a = 0.0014 and the spacing between 
the elements is s = 0.006134. The characteristic impedance of such a transmission 
line is 300 ohms. The equivalent radius was used in the calculations of Z4. An 
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excellent agreement is indicated between the results of the transmission-line model 
and the Moment Method. Computations and comparisons for other spacings (s = 
0.02134, Zo = 450 ohms and s = 0.07424, Zo = 600 ohms) but with elements of the 
same diameter (d = 0.0014) have been made [12]. It has been shown that as the spac- 
ing between the wires increased, the results of the transmission-line mode began to 
disagree with those of the Moment Method. For a given spacing, the accuracy for the 
characteristic impedance, and in turn for the input impedance, can be improved by 
increasing the diameter of the wires. The characteristic impedance of a transmission 
line, as given by (9-19) or (9-19a), depends not on the spacing but on the spacing-to- 
diameter (s/d) ratio, which is more accurate for smaller s/d. Computations were also 
made whereby the equivalent radius was not used. The comparisons of these results 
indicated larger disagreements, thus concluding the necessity of the equivalent radius, 
especially for the larger wire-to-wire spacings. 

A two-element folded dipole is widely used, along with “twin-lead” line, as feed 
element of TV antennas such as Yagi-Uda antennas. Although the impedance of an 
isolated folded dipole may be around 300 ohms, its value will be somewhat different 
when it is used as an element in an array or with a reflector. The folded dipole has 
better bandwidth characteristics than a single dipole of the same size. Its geometrical 
arrangement tends to behave as a short parallel stub line which attempts to cancel the 
off resonance reactance of a single dipole. The folded dipole can be thought to have a 
bandwidth which is the same as that of a single dipole but with an equivalent radius 
(a < ae < s[2). 

Symmetrical and asymmetrical planar folded dipoles can also be designed and con- 
structed using strips which can be fabricated using printed-circuit technology [13]. 
The input impedance can be varied over a wide range of values by adjusting the width 
of the strips. In addition, the impedance can be adjusted to match the characteristic 
impedance of printed-circuit transmission lines with four-to-one impedance ratios. 

A MATLAB computer program, entitled Folded, has been developed to perform the 
design of a folded dipole. The description of the program is found in the corresponding 
READ ME file included in the CD attached to the book. 


9.6 DISCONE AND CONICAL SKIRT MONOPOLE 


There are innumerable variations to the basic geometrical configurations of cones and 
dipoles, some of which have already been discussed, to obtain broadband character- 
istics. Two other common radiators that meet this characteristic are the conical skirt 
monopole and the discone antenna [14] shown in Figures 9.18(a) and (b), respectively. 

For each antenna, the overall pattern is essentially the same as that of a linear 
dipole of length / < à (i.e., a solid of revolution formed by the rotation of a figure- 
eight) whereas in the horizontal (azimuthal) plane it is nearly omnidirectional. The 
polarization of each is vertical. Each antenna because of its simple mechanical design, 
ease of installation, and attractive broadband characteristics has wide applications in the 
VHF (30-300 MHz) and UHF (300 MHz-3 GHz) spectrum for broadcast, television, 
and communication applications. 

The discone antenna is formed by a disk and a cone. The disk is attached to the 
center conductor of the coaxial feed line, and it is perpendicular to its axis. The cone is 
connected at its apex to the outer shield of the coaxial line. The geometrical dimensions 
and the frequency of operation of two designs [14] are shown in Table 9.4. 
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(a) Conical skirt (b) Discone (c) Wire-simulation 
monopole 


Figure 9.18 Conical skirt monopole, discone, and wire-simulated cone surface. 


TABLE 9.4 Frequency and Dimensions of 
Two Designs 


Frequency (MHz) A (cm) B (cm) C (cm) 


90 45.72 60.96 50.80 
200 22.86 31.75 35.56 


In general, the impedance and pattern variations of a discone as a function of 
frequency are much less severe than those of a dipole of fixed length /. The performance 
of this antenna as a function of frequency is similar to a high-pass filter. Below an 
effective cutoff frequency it becomes inefficient, and it produces severe standing waves 
in the feed line. At cutoff, the slant height of the cone is approximately A/4. 

Measured elevation (vertical) plane radiation patterns from 250 to 650 MHz, at 
50-MHz intervals, have been published [14] for a discone with a cutoff frequency 
of 200 MHz. No major changes in the "figure-eight" shape of the patterns were 
evident other than at the high-frequency range where the pattern began to turn down- 
ward somewhat. 

The conical skirt monopole is similar to the discone except that the disk is replaced 
by a monopole of length usually 4/4. Its general behavior also resembles that of the 
discone. Another way to view the conical skirt monopole is with a 4/4 monopole 
mounted above a finite ground plane. The plane has been tilted downward to allow 
more radiation toward and below the horizontal plane. 

To reduce the weight and wind resistance of the cone, its solid surface can be 
simulated by radial wires, as shown in Figure 9.18(c). This is a usual practice in the 
simulation of finite size ground planes for monopole antennas. The lengths of the wires 
used to simulate the ground plane are on the order of about 1/4 or greater. 
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9.7 MATCHING TECHNIQUES 


The operation of an antenna system over a frequency range is not completely dependent 
upon the frequency response of the antenna element itself but rather on the frequency 
characteristics of the transmission line—antenna element combination. In practice, the 
characteristic impedance of the transmission line is usually real whereas that of the 
antenna element is complex. Also the variation of each as a function of frequency is not 
the same. Thus efficient coupling-matching networks must be designed which attempt 
to couple-match the characteristics of the two devices over the desired frequency range. 

There are many coupling-matching networks that can be used to connect the trans- 
mission line to the antenna element and which can be designed to provide acceptable 
frequency characteristics. Only a limited number will be introduced here. 


9.7.1 Stub-Matching 


Ideal matching at a given frequency can be accomplished by placing a short- or 
open-circuited shunt stub a distance s from the transmission-line—antenna element 
connection, as shown in Figure 9.19(a). Assuming a real characteristic impedance, the 
length s is controlled so as to make the real part of the antenna element impedance 
equal to the characteristic impedance. The length / of the shunt line is varied until 
the susceptance of the stub is equal in magnitude but opposite in phase to the line 
input susceptance at the point of the transmission line—shunt element connection. The 
matching procedure is illustrated best graphically with the use of a Smith chart. Ana- 
lytical methods, on which the Smith chart graphical solution is based, can also be used. 
The short-circuited stub is more practical because an equivalent short can be created 
by a pin connection in a coaxial cable or a slider in a waveguide. This preserves the 
overall length of the stub line for matchings which may require longer length stubs. 

A single stub with a variable length / cannot always match all antenna (load) 
impedances. A double-stub arrangement positioned a fixed distance s from the load, 
with the length of each stub variable and separated by a constant length d, will match a 
greater range of antenna impedances. However, a triple-stub configuration will always 
match all loads. 

Excellent treatments of the analytical and graphical methods for the single-, double-, 
triple-stub, and other matching techniques are presented in [15] and [16]. The higher- 
order stub arrangements provide more broad and less sensitive matchings (to frequency 
variations) but are more complex to implement. Usually a compromise is chosen, such 
as the double-stub. 


9.7.2 Quarter-Wavelength Transformer 


A. Single Section 

Another technique that can be used to match the antenna to the transmission line is 
to use a A/4 transformer. If the impedance of the antenna is real, the transformer 
is attached directly to the load. However if the antenna impedance is complex, the 
transformer is placed a distance sy away from the antenna, as shown in Figure 9.19(b). 
The distance sp is chosen so that the input impedance toward the load at sọ is real and 
designated as Rin. To provide a match, the transformer characteristic impedance Zi, 
should be Z, = V Rin Zo, where Zo is the characteristic impedance (real) of the input 
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Figure 9.19 Matching and microstrip techniques. 


transmission line. The transformer is usually another transmission line with the desired 
characteristic impedance. 

Because the characteristic impedances of most off-the-shelf transmission lines are 
limited in range and values, the quarter-wavelength transformer technique is most 
suitable when used with microstrip transmission lines. In microstrips, the characteristic 
impedance can be changed by simply varying the width of the center conductor. 


B. Multiple Sections 
Matchings that are less sensitive to frequency variations and that provide broader band- 
widths, require multiple 2/4 sections. In fact the number and characteristic impedance 
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of each section can be designed so that the reflection coefficient follows, within the 
desired frequency bandwidth, prescribed variations which are symmetrical about the 
center frequency. The antenna (load) impedance will again be assumed to be real; if 
not, the antenna element must be connected to the transformer at a point so along the 
transmission line where the input impedance is real. 

Referring to Figure 9.19(c), the total input reflection coefficient Tin for an N-section 
quarter-wavelength transformer with Rz > Zo can be written approximately as [15] 


La). po ee” peo” Pape fom 


N 
E 5 pnei?’ (9-32) 
n=0 
where 
Zn+1 zu Zn (9 32 ) 
n= > -32a 
^ Zn+1 T Zn 
2 À 
E NER dn EY. (9-32b) 
À 4 2 \ fo 


In (9-32), p, represents the reflection coefficient at the junction of two infinite lines with 
characteristic impedances Z, and Z,,;, fo represents the designed center frequency, 
and f the operating frequency. Equation (9-32) is valid provided the p,’s at each 
junction are small (Rz ~ Zo). If Ry < Zo, the o,'s should be replaced by — pp’ s. For 
a real load impedance, the o,'s and Z,'s will also be real. 

For a symmetrical transformer (po = pn, P| = Pn-1, etc.), (9-32) reduces to 


Lin Cf) = 2e [oo cos NO + pj cos(N —2)8 + p5cos(N — 4)0 ---.] (9-33) 
The last term in (9-33) should be 


P(—1)2] C080 for N = odd integer (9-33a) 
i (uv for N = even integer (9-33b) 


C. Binomial Design 

One technique, used to design an N-section 4/4 transformer, requires that the input 
reflection coefficient of (9-32) have maximally flat passband characteristics. For this 
method, the junction reflection coefficients (p,,’s) are derived using the binomial expan- 
sion. Doing this, we can equate (9-32) to 


m RE=Z 
l'i (f) = V pe 2"? = eNOS cos (0) 


n=0 Rr T Zo 


(9-34) 
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where 
N N! 
C, TN yr n=0,1,2,...,N (9-34a) 
— n)!n! 
From (9-32) 
R, -—Z 
Pn = M rers d (9-35) 


For this type of design, the fractional bandwidth A f/f, is given by 


ENTERS) n 2 
p —2 p =2(1 f ) =2(1 Zon) (9-36) 


0 


Since 
(9-37) 


os7! hoea] (9-38) 
(Ry, — Zo)/(RL + Zo) 


where pm is the maximum value of reflection coefficient which can be tolerated within 
the bandwidth. 
The usual design procedure is to specify the 


1. load impedance (Rz) 

2. input characteristic impedance (Zo) 

3. number of sections (N) 

4. maximum tolerable reflection coefficient (Pm) [or fractional bandwidth (Af/fo)] 


and to find the 


1. characteristic impedance of each section 
2. fractional bandwidth [or maximum tolerable reflection coefficient (p,,)] 


To illustrate the principle, let us consider an example. 


Example 9.1 


A linear dipole with an input impedance of 70 + j37 is connected to a 50-ohm line. Design 
a two-section 4/4 binomial transformer by specifying the characteristic impedance of each 
section to match the antenna to the line at f = fo. If the input impedance (at the point the 
transformer is connected) is assumed to remain constant as a function of frequency, determine 
the maximum reflection coefficient and VSWR within a fractional bandwidth of 0.375. 
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Solution: Since the antenna impedance is not real, the antenna must be connected to 
the transformer through a transmission line of length so. Assuming a 50-ohm characteristic 
impedance for that section of the transmission line, the input impedance at sọ = 0.062A is 
real and equal to 100 ohms. Using (9-34a) and (9-35) 


Rr —Z Ry —Z N! 
T Se HN Jb 0 


Pn SOR pT 
Ry + Zo Ry + Zo (N — n)!n! 


which for N = 2, Ry, = 100, Zo = 50 


0 ZZ cd 18270 = 59.09 
Ma e = — a ~m |S = A 
Po RTT 12 1 0 
Z2 — Zi di 


= 9 Z, 1.399Z, = 82.73 


= jl 2 = ———— = 
f EE 7 = G 


For a fractional bandwidth of 0.375 (0,, = 1.276 rad = 73.12°) we can write, using (9-38) 


A 4 m us 
a MSS ee Iz 


fo T (Ri — Zo)/(Rr + Zo) 
0.35 - 
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Figure 9.20 Responses of single-section, and two-section binomial and Tschebyscheff 
quarter-wavelength transformers. 
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which for A; = 100 and Zo = 50 gives 
Pm = 0.028 


The maximum voltage standing wave ratio is 


1+ Om 


VSWR,, = 1 = 1.058 


— Fm 


The magnitude of the reflection coefficient is given by (9-34) as 


cos? 0 = T [Z (3)] ES dt E £3] 
3 A \4 3 2 X fo 


which is shown plotted in Figure 9.20, and it is compared with the response of a single- 
section 4/4 transformer. 


Rr — Zo 
Ry + Zo 


Pal = Pn =| 


Microstrip designs are ideally suited for antenna arrays, as shown in Figure 9.19(d). 
In general the characteristic impedance of a microstrip line, whose top and end views 
are shown in Figures 9.19(e) and (f), respectively, is given by [17]. 


Z un In ( zen ) for h « 0.8 (9-39) 
= —} — —— < 0.8w - 
Ve, + 1.41 0.8w +t 


where 
€, = dielectric constant of dielectric substrate (board material) 
h = height of substrate 
w = width of microstrip center conductor 
t = thickness of microstrip center conductor 


Thus for constant values of e,, h, and t, the characteristic impedance can be changed 
by simply varying the width (w) of the center conductor. 


D. Tschebyscheff Design 

The reflection coefficient can be made to vary within the bandwidth in an oscillatory 
manner and have equal-ripple characteristics. This can be accomplished by making Ij, 
behave according to a Tschebyscheff polynomial. For the Tschebyscheff design, the 
equation that corresponds to (9-34) is 


Ry, — Zo Ty (sec Om cos 0) 
RL + Zo  Tw(sec0,) 


Vin (f) = g NO 


(9-40) 


where Ty (x) is the Tschebyscheff polynomial of order N. 
The maximum allowable reflection coefficient occurs at the edges of the passband 
where 0 = Om and Ty (sec 0m cos @)|9=6,, = 1. Thus 


_|Ri-Z 1 
~ [Rr + Zo Ty (sec Om) 


Pm (9-41) 
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or 
1 Ry — Zo 
| Ty (Sec Am )| = | —>—— (9-41a) 
Pm RL + Zo 
Using (9-41), we can write (9-40) as 
li (f) = eI? o, Ty (sec 0, COS O) (9-42) 
and its magnitude as 
Vin Cf) = |Om Ty (sec Om cos 8)| (9-42a) 


For this type of design, the fractional bandwidth A f/f, is also given by (9-36). 
To be physical, p,, is chosen to be 
RL — Zo 


— ———, d |Tyn (sec 9,,)| > 1 9-43 
Ria Zo ITN( )| (9-43) 


Pn <| 


The Tschebyscheff polynomial can be represented by either (6-71a) or (6-71b). Since 
|Tv (sec 6,,)| > 1, then using (6-71b) we can express it as 


Ty (sec 8m) = cosh[N cosh™! (sec 6,,)] (9-44) 
or using (9-41a) as 
IT (sec ,)] = |cosh[N cosh-! (sec&,)]l = |Z E2 (9-44a) 
sec ĝm )| = | cos cos sec0,)]| = | — ——— -44a 
y Pm RL + Zo 
Thus 
1 = 1 Rp — Zo 
sec Om = cosh | — cosh ———— (9-45) 
N Pm RL + Zo 
or 


Dd 


1 
Om = sec! {cosh E cosh7! ( — 
N Pm RL + Zo 


TE 


Using (9-42) we can write the reflection coefficient of (9-33) as 


Tin (0) = 2e / ? [py cos(N0) + pi cos(N — 2)0 +--+] 
(9-46) 


— e INO 


Pm TN (sec On COS 0) 


For a given N, replace Ty (sec 6, cos0) by its polynomial series expansion of (6-69) 
and then match terms. The usual procedure for the Tschebyscheff design is the same 
as that of the binomial as outlined previously. 
The first few Tschebyscheff polynomials are given by (6-69). For z = sec 6,, cos 0, 
the first three polynomials reduce to 
T (sec Om cos 0) = sec On cos0 
T» (sec On COSA) = 2(sec6,, COS 0)? — 1 = sec? Om cos 20 + (sec? 0, — 1) 


T; (sec Om cos 0) = 4(sec 6, cos 0)? — 3(sec A, cos) 


— sec? Om cos 30 + 3(sec? Om — sec An) cos 0 (9-47) 


530 BROADBAND DIPOLES AND MATCHING TECHNIQUES 


oo 


3a! 


(a) T-match 


(b) Shorted transmission line 
equivalent 


2a (l+a):1 


| 


2a 


(c) Two-wire transmission line 


T-match 


Ü 
n 


(e) T-match resonant connection (f) Equivalent of T-match 
resonant connection 


Figure 9.21  T-match and its associated equivalents. 


The design of Example 9.1 using a Tschebyscheff transformer is assigned as an 
exercise to the reader (Prob. 9.19). However its response is shown plotted in Figure 9.20 
for comparison. 

In general, the multiple sections (either binomial or Tschebyscheff) provide greater 
bandwidths than a single section. As the number of sections increases, the bandwidth 
also increases. The advantage of the binomial design is that the reflection coefficient 
values within the bandwidth monotonically decrease from both ends toward the center. 
Thus the values are always smaller than an acceptable and designed value that occurs 
at the "skirts" of the bandwidth. For the Tschebyscheff design, the reflection coeffi- 
cient values within the designed bandwidth are equal or smaller than an acceptable and 
designed value. The number of times the reflection coefficient reaches the maximum 
ripple value within the bandwidth is determined by the number of sections. In fact, for 
an even number of sections the reflection coefficient at the designed center frequency is 
equal to its maximum allowable value, while for an odd number of sections it is zero. 
For a maximum tolerable reflection coefficient, the N-section Tschebyscheff trans- 
former provides a larger bandwidth than a corresponding N-section binomial design, 
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or for a given bandwidth the maximum tolerable reflection coefficient is smaller for a 
Tschebyscheff design. 

A MATLAB computer program, entitled Quarterwave, has been developed to per- 
form the design of binomial and Tschebyscheff quarter-wavelength impedance trans- 
former designs. The description of the program is found in the corresponding READ 
ME file included in the CD attached to the book. 


9.7.3 T-Match 


Another effective shunt-matching technique is the T-match connection shown in 
Figure 9.21(a). With this method the dipole of length / and radius a is connected to the 
transmission line by another dipole of length /'(/^ < 1) and radius a’. The smaller dipole 
is "tapped" to the larger one at distances /'/2 from the center and the two are separated 
by a small distance s. The transmission line is connected to the smaller dipole at its 
center. The T-match connection is a general form of a folded dipole since the two legs 
are usually not of the same length or diameter. Since the T-match is a symmetrical and 
balanced system, it is well suited for use with parallel-conductor transmission lines 
such as the “twin lead." Coaxial lines, which are unsymmetrical and unbalanced lines, 
should be connected to dipoles using the gamma match. 

The design procedure for the T-match is developed similarly to that of the folded 
dipole. The T-match is also modeled by transmission line and antenna modes, as 
shown in Figure 9.14 for the folded dipole. The total current at the input terminals 
is divided between the two conductors in a way that depends on the relative radii of 
the two conductors and the spacing between them. Since the two conductors are not 
in general of the same radius, the antenna mode current division is not unity. Instead, 
a current division factor is assigned which also applies to the voltage division of the 
transmission-line mode. 

Instead of including all the details of the analysis, only the steps that are applicable 
to a T-match design will be included. 


A. Design Procedure 


1. Calculate the current division factor a by 


cosh ^! (=) 
2v In(v) 
C A MNEGLL S 9-48 
: sa (PEAN In@)— In) $59) 
2vu 
u=2 (9-48a) 
a 
S 
v= > (9-48b) 
a 


2. From Table 9.3, the “equivalent” radius of the two-wire arrangement can be 
written as 


1 
In(ae) > ru gu Ina’ -- à? Ina + 2a'alns] (9-49) 
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since $1 = 27a’, S2 = 2za. It can be shown that (9-49) reduces to 


1 
In(a,) ~ Ina’ + dia Inu + 2u In v) (9-492) 


. Calculate the impedance at the input terminals for the transmission line mode 


[i.e., two-wire shorted transmission line of length ///2 with radii a, a'/ and 
separation s shown in Figure 9.21(b)] 


T 
Z, = j Zotan («5) (9-50) 


where 


a 


1 (9 -@ —a? s 
Zo = 60 cosh™ (=) ~ 276 log io (=) (9-50a) 


Zo is the characteristic impedance of the two-wire transmission line with radii 
a,a’ and separation s, as shown in Figure 9.21(c). 


. The total input impedance, which is a combination of the antenna (radiating) 


and the transmission (nonradiating) modes, can be written as 


2Z,[( + à? Z;] 


Zin = Rin {An = 5S — M9 -51 
M dope ELA ora 
and the input admittance as 
TE 1 | £L i 1 
"UA t9 2Z, e 


Za = 1/Y, is the center-point free-space input impedance of the antenna in 
the absence of the T-match connection. 


B. Equivalent Circuit 
Based upon (9-51) or (9-52), the T-match behaves as the equivalent circuit of 
Figure 9.21(d) in which the antenna impedance is stepped up by a ratio of 1 + œ, and 
it is placed in shunt with twice the impedance of the nonradiating mode (transmission 
line) to result in the input impedance. When the current division factor is unity (o = 1), 
the T-match equivalent of Figure 9.21(d) reduces to that of Figure 9.16(a) for the 
folded dipole. 

For l’ ~ 4/2, the transmission-line impedance Z, is much greater than (1 + œ)? Za 
and the input impedance of (9-51) reduces to 


Zin = (1 + a) Za (9-53) 
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For two equal radii conductors, the current division factor is unity and (9-53) becomes 
Zin X 4Za (9-54) 


a relation obtained previously and represented by (9-25). 

The impedance of (9-51) is generally complex. Because each of the lengths (/'/2) 
of the T-match rods are usually selected to be very small (0.03 to 0.064), Zin is 
inductive. To eliminate the reactance (resonate the antenna) at a given center frequency 
and keep a balanced system, two variable series capacitors are usually used, as shown 
in Figure 9.21(e). The value of each capacitor is selected so that Z;, of (9-51) is equal 
to Ri, (Zi, = Rin). To accomplish this 


(9-55) 


where f is the center frequency, and C;, is the series combination of the two C 
capacitors. The resonant circuit equivalent is shown in Figure 9.21(f). 

The T-match connection of Figure 9.21(e) is used not only to resonate the circuit, 
but also to make the total input impedance equal to the characteristic impedance of the 
feed transmission line. This is accomplished by properly selecting the values of ///2 
and C (s is not usually varied because the impedance is not very sensitive to it). In 
most cases, a trial and error procedure is followed. An orderly graphical method using 
the Smith chart is usually more convenient, and it is demonstrated in the following 
section for the gamma match. 

A MATLAB computer program, entitled Tee, has been developed to perform the 
design of a T-Match. The description of the program and its contents are found in the 
corresponding READ ME file in the CD attached to the book. 


9.7.4 Gamma Match 


Frequently dipole antennas are fed by coaxial cables which are unbalanced transmission 
lines. A convenient method to connect the dipole or other antennas (Yagi-Uda, log- 
periodic, etc.) to 50- or 75-ohm “coaxs” and to obtain a match is to use the gamma 
match arrangement shown in Figure 9.22. 


A. Equivalent Circuit 
The gamma match is equivalent to half of the T-match, and it also requires a capacitor 
in series with the gamma rod. The equivalent is shown in Figure 9.22(b), and its input 
impedance is equal to 


Zj[(1 +a) Za] 
2Z, + (1 +a) Za 


AE ee (9-56) 


where Z, is the center-point free-space impedance of the antenna in the absence of the 
gamma match connection. The second term of (9-56) is similar in form to that of (9-51). 
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(a) Gamma match 


Xc (19 0):1 


(b) Equivalent 


Figure 9.22 Gamma match and its equivalent. 


The usual problem encountered is that the length of the wire antenna (/) and the 
characteristic impedance of the feed coax (Z.) are known. What is required are the 
values of the radii a and a’, the length /'/2, and the capacitance C which will achieve 
a match. Since the arrangement is similar to the T-match or folded dipole, its analysis 
is based on the same theory. 

To accomplish the match, a graphical design technique, which is different from that 
reported in [18] and [19], will be demonstrated. This procedure utilizes the Smith chart, 
and it is based on the equivalent of Figure 9.22(b). A purely mathematical procedure 
is also available [20], but it will not be included here. 

Because the input impedance is not very sensitive to a, a’, and s, the usual procedure 
is to select their values and keep them fixed. The parameters that are usually varied are 
then /'/2 and C. In practice, /'/2 is varied by simply using a sliding clamp to perform 
the shorted connection at the end of the gamma rod. 

The graphical design method assumes that /'/2 is given, and C that resonates the 
circuit is found. If the input resistance is not equal to the characteristic impedance 
Z. of the feed line, another value of /’/2 is selected, and the procedure is repeated 
until Ri, = Ze. The graphical method is suggestive as to how the length /'/2 should 
be changed (smaller or larger) to accomplish the match. 
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B. Design Procedure 


1. 
2: 


3. 


10. 


Determine the current division factor œ by using (9-48)—(9-48b). 


Find the free-space impedance (in the absence of the gamma match) of the 
driven element at the center point. Designate it as Za. 

Divide Z, by 2 and multiply it by the step-up ratio (1-- o)?. Designate the 
result as Z5. 


Za 
Zy = Ry + jX2. =(1 + ay (9-57) 


. Determine the characteristic impedance Zp of the transmission line formed by 


the driven element and the gamma rod using (9-50a). 


. Normalize Z2 of (9-57) by Zo and designate it as z2. 


Z2 _ Rot jXo 


= j 9-58 
Z, Z r2 + jx2 ( ) 


£2 = 


and enter on the Smith chart. 


. Invert z2 of (9-58) and obtain its equivalent admittance y; = g2 + jb2. On 


the Smith chart this is accomplished by moving z2 diagonally across from 
its position. 


. In shunt with the admittance y» from step 6 is an inductive reactance due to the 


short-circuited transmission line formed by the antenna element and the gamma 
rod. This is an inductive reactance because the length of the gamma rod is very 
small (usually 0.03 to 0.064), but always much smaller than 1/2. Obtain its 
normalized value using 


l 
Zg = j tan («5) (9-59) 


and place it on the Smith chart. The impedance z, of (9-59) can also be obtained 
by using exclusively the Smith chart. You begin by locating the short-circuited 
load at Z, = 0+ j0. Then you move this point a distance /'/2 toward the gen- 
erator, along the outside perimeter of the Smith chart. The new point represents 
the normalized impedance z, of (9-59). 


. Invert the impedance from step 7 (zg) to obtain its equivalent admittance y, = 


8, + jbg. On the Smith chart this is accomplished by moving z, diagonally 
across from its position. 


. Add the two parallel admittances (from steps 6 and 8) to obtain the total input 


admittance at the gamma feed. That is, 


Yin = Y2 + Yg = (82 + Bg) + j (bo + bg) (9-60) 
and locate it on the Smith chart. 


Invert the normalized input admittance yj, of (9-60) to obtain the equivalent 
normalized input impedance 


Zin = lin + J Xin (9-61) 
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11. Obtain the unnormalized input impedance by multiplying z;, by Zo. 
Zin = Rin + JXin = Zo£in (9-62) 
12. Select the capacitor C so that its reactance is equal in magnitude to X;,. 


1 1 
"imer EE (9-63) 
If all the dimensions were chosen properly for a perfect match, the real part Rj, of 
(9-62) should be equal to Z,. If not, change one or more of the dimensions (usually 
the length of the rod) and repeat the procedure until Rin = Ze. Practically the capacitor 
C is chosen to be variable so adjustments can be made with ease to obtain the best 
possible match. 


Example 9.2 


The driven element impedance of a 20-m (f ~ 15 MHz; see Appendix IX.3) Yagi-Uda 
antenna has a free-space impedance at its center point of 30.44(1 — j) ohms [19]. It is 
desired to connect it to a 50-ohm coaxial line using a gamma match. The driven element and 
the gamma rod are made of tubing with diameters of 0.95x 107?4(0.75 in. = 1.905 cm) and 
3.175x10-7^4(0.25 in. = 0.635 cm), respectively. The center-to-center separation between 
the driven element and the rod is 3.81x 102A (3 in. = 7.62 cm). Determine the required 
capacitance to achieve a match. Begin with a gamma rod length of 0.0364(28.35 in. = 
72.01 cm). 


Solution: 
1. Using (9-48)—(9-48b) 
Tan 3 E M 3.81 m 
eum U—W (0.15875 
In(24) 


fece EE 
UE TCYEUDTC RE 


and the step-up ratio 
(1 +a) = (1 + 1.528)? = 6.39 
2. Za = 30.44(1 — j), as given. 
3. Using (9-57) 


AG j 
Z= (4 Lop i—i Eno 


2(3.81) 
A/0.95(0.3175) 


4. Zo = 276 logio | | = 33.25. & 315 


MATCHING TECHNIQUES 537 


97.25 
6. On the Smith chart in Figure 9.23 locate z2 and invert it to y». It leads to 


1 
mee eds 
£2 


7. On the Smith chart locate zs = 0+ jO and advance it toward the generator 
a distance 0.0364 to obtain 


on DH 


Zin = 0.16  j0.28 Y 


/ y2= 1.6 +j1.6 
z 
S 
Sr sf : 
og i i g 
| g E a 3 ` 
| 8$ t * 
: T 
m 3 E: 3 s 3 EBE EB E $ Pss . ele 
3 REnaTaNce Couponen [fy ), OR CONDUCTANCE Coweonpni | à 
elas* g 
Spis à n 
$i £ 
311a: 


22 = 0.31—j0.31 


Sto rary 


RADIALLY SCALED 
elo 


SON SSOl 3309 1338 
NOI231438 


STANDING WAVE TRANSM. LOSS. 


Figure 9.23 Smith chart for Example 9.2. Copyright renewal 1976 by P. H. Smith, Murray 
Hill, N.J. 
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8. From the Smith chart 


1 
Yen — e gas 
Zg 


9. Add y» and y, 
Yin = Y2 yg = 1.6 — j2.75 


which is located on the Smith chart. 
10. Inverting Yin on the Smith chart to Zin gives 


Zin = 0.16 + j0.28 
11. Unnormalizing z;, by Zo = 315, reduces it to 
Zin = 50.4 + j88.2 


12. The capacitance should be 


1 1 
~ 2nfo(882) 2 (15x 108) (88.2) 


= 120.3x10 ? ~ 120 pF 


Since R;, = 50.4 ohms is not exactly equal to Zo = 50 ohms, one of the physical 
dimensions (usually the length of the rod) can be changed slightly and then the process 
can be repeated. However in this case they are so close that for practical purposes this 
is not required. 

A MATLAB computer program, entitled Gamma, has been developed to perform the 
design of a folded dipole. The description of the program is found in the corresponding 
READ ME file included in the CD attached to the book. 


9.7.5 Omega Match 


A slightly modified version of the gamma match is the omega match shown in 
Figure 9.24. The only difference between the two is that in addition to the series 
capacitor C; there is one in shunt C2 which can aid in achieving the match. Usually 
the presence of C5 makes it possible to use a shorter rod or makes it easier to match a 
resonant driven element. The primary function of C; is to change yin in step 9 of the 
design procedure so that when it is inverted its unnormalized real part is equal to the 
characteristic impedance of the input transmission line. This will possibly eliminate the 
need of changing the dimensions of the matching elements, if a match is not achieved. 


9.7.6 Baluns and Transformers 


A twin-lead transmission line (two parallel-conductor line) is a symmetrical line 
whereas a coaxial cable is inherently unbalanced. Because the inner and outer (inside 
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Figure 9.24 Omega match arrangement. 


and outside parts of it) conductors of the coax are not coupled to the antenna in the 
same way, they provide the unbalance. The result is a net current flow to ground on the 
outside part of the outer conductor. This is shown in Figure 9.25(a) where an electrical 
equivalent is also indicated. The amount of current flow /5 on the outside surface of the 
outer conductor is determined by the impedance Z, from the outer shield to ground. If 
Z, can be made very large, J; can be reduced significantly. Devices that can be used 
to balance inherently unbalanced systems, by canceling or choking the outside current, 
are known as baluns (balance to unbalance). 

One type of a balun is that shown in Figure 9.25(b), referred to usually as a bazooka 
balun. Mechanically it requires that a 4/4 in length metal sleeve, and shorted at its 
one end, encapsulates the coaxial line. Electrically the input impedance at the open 
end of this 4/4 shorted transmission line, which is equivalent to Z,, will be very large 
(ideally infinity). Thus the current J; will be choked, if not completely eliminated, and 
the system will be nearly balanced. 

Another type of a balun is that shown in Figure 9.25(c). It requires that one end 
of a 4/4 section of a transmission line be connected to the outside shield of the main 
coaxial line while the other is connected to the side of the dipole which is attached to 
the center conductor. This balun is used to cancel the flow of 7/4. The operation of it 
can be explained as follows: In Figure 9.25(a) the voltages between each side of the 
dipole and the ground are equal in magnitude but 180^ out of phase, thus producing a 
current flow on the outside of the coaxial line. If the two currents 7, and Jy are equal 
in magnitude, J; would be zero. Since arm #2 of the dipole is connected directly to 
the shield of the coax while arm £1 is weakly coupled to it, it produces a much larger 
current J2. Thus there is relatively little cancellation in the two currents. 

The two currents, /; and 5, can be made equal in magnitude if the center conductor 
of the coax is connected directly to the outer shield. If this connection is made directly 
at the antenna terminals, the transmission line and the antenna would be short-circuited, 
thus eliminating any radiation. However, the indirect parallel-conductor connection of 
Figure 9.25(c) provides the desired current cancellation without eliminating the radia- 
tion. The current flow on the outer shield of the main line is canceled at the bottom 
end of the 4/4 section (where the two join together) by the equal in magnitude, but 
opposite in phase, current in the 4/4 section of the auxiliary line. Ideally then there 
is no current flow in the outer surface of the outer shield of the remaining part of the 
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Metal sleeve — 


Shorted to 
coax’s outer 
conductor 


Coaxial 
line 


— — 


Outer 
Inner ———--- conductor 
conductor — . * of coax 


of coax 


(d) Coaxial balun (1 : 1) 


Figure 9.25  Balun configurations. 


main coaxial line. It should be stated that the parallel auxiliary line need not be made 
4/4 in length to achieve the balance. It is made 4/4 to prevent the upsetting of the 
normal operation of the antenna. 

A compact construction of the balun in Figure 9.25(c) is that in Figure 9.25(d). The 
outside metal sleeve is split and a portion of it is removed on opposite sides. The 
remaining opposite parts of the outer sleeve represent electrically the two shorted 1/4 
parallel transmission lines of Figure 9.25(c). All of the baluns shown in Figure 9.25 
are narrowband devices. 
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Z3 (balanced) 


Zi7( 4 ) 
(unbalanced) 


(a) A/2 coaxial balun (4: | or 1 : 4) 


Reversal 


Z 
Zi = cR Y Z3 (unbalanced] 


(unbalanced ) 


Z, (unbalanced) là (balanced) 


(c) Ferrite core balun (1 : 1) 


Figure 9.26 Balun and ferrite core transformers. 


Devices can be constructed which provide not only balancing but also step-up 
impedance transformations. One such device is the A/4 coaxial balun, with a 4:1 
impedance transformation, of Figure 9.26(a). The U-shaped section of the coaxial line 
must be 4/2 long [21]. 

Because all the baluns-impedance transformers that were discussed so far are nar- 
rowband devices, the bandwidth can be increased by employing ferrite cores in their 
construction [22]. Two such designs, one a 4:1 or 1:4 transformer and the other a 
1:1 balun, are shown in Figures 9.26(b) and (c). The ferrite core has a tendency to 
maintain high impedance levels over a wide frequency range [23]. A good design and 
construction can provide bandwidths of 8 or even 10 to 1. Coil coaxial baluns, con- 
structed by coiling the coaxial line itself to form a balun [23], can provide bandwidths 
of 2 or 3 to 1. 


9.8 MULTIMEDIA 


In the CD that is part of the book the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Matlab computer program, designated Quarterwave, for computing and dis- 
playing the characteristics of binomial and Tschebyscheff quarter-wavelength 
impedance matching designs. 
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c. Matlab computer programs, designated 
e Folded 


e Tee 


« Gamma 
for computing the characteristics of a folded dipole, and tee and gamma 
impedance matches. 


d. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


9.1. 


9.2. 


9.3. 


9.4. 


9.5. 


9.6. 


9.7. 
9.8. 


A 300-ohm “twin-lead” transmission line is attached to a biconical antenna. 


(a) Determine the cone angle that will match the line to an infinite length 
biconical antenna. 


(b) For the cone angle of part (a), determine the two smallest cone lengths that 
will resonate the antenna. 


(c) For the cone angle and cone lengths from part (b), what is the input VSWR? 


Determine the first two resonant lengths, and the corresponding diameters and 
input resistances, for dipoles with //d — 25, 50, and 10^ using 


(a) the data in Figures 9.10(a) and 9.10(b) 
(b) Table 9.1 


Design a resonant cylindrical stub monopole of length /, diameter d, and //d of 
50. Find the length (in A), diameter (in à), and the input resistance (in ohms) 
at the first four resonances. 


A linear dipole of //d = 25, 50, and 10* is attached to a 50-ohm line. Determine 
the VSWR of each //d when 

(a)l 2A/2 (bI (01234/2 

Find the equivalent circular radius a, for a 

(a) very thin flat plate of width 4/10 

(b) square wire with sides of A/10 

(c) rectangular wire with sides of 4/10 and 4/100 

(d) elliptical wire with major and minor axes of 4/10 and 4/20 


(e) twin-lead transmission line with wire radii of 1.466x 107? cm and separa- 
tion of 0.8 cm 


Compute the characteristic impedance of a two-wire transmission line with wire 
diameter of d = 10~7A and center-to-center spacings of 
(a) 6.131073 (b) 2.13x107?4 (c) 7.42x107?X 


Verify (9-49) from the expressions listed in Table 9.3. 


To increase its bandwidth, a 4/4 monopole antenna operating at 1 GHz is made 
of two side-by-side copper wires (o = 5.7x10’ S/m) of circular cross section. 
The wires at each end of the arm are connected (shorted) electrically together. 
The radius of each wire is 4/200 and the separation between them is 4/50. 
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9.9. 


9.10. 


9.11. 


9.12. 
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(a) What is the effective radius (in meters) of the two wires? Compare with 
the physical radius of each wire (in meters). 

(b) What is the high-frequency loss resistance of each wire? What is the total 
loss resistance of the two together in a side-by-side shorted at the ends 
arrangement? What is the loss resistance based on the effective radius? 


(c) What is the radiation efficiency of one wire by itself? Compare with that 
of the two together in a side-by-side arrangement. What is the radiation 
efficiency based on the loss resistance of the effective radius? 

Show that the input impedance of a two-element folded dipole of l = 4/2 is 

four times greater than that of an isolated element of the same length. 


Design a two-element folded dipole with wire diameter of 10~7A and center- 

to-center spacing of 6.13x 10724. 

(a) Determine its shortest length for resonance. 

(b) Compute the VSWR at the first resonance when it is attached to a 300- 
ohm line. 

A two-element folded dipole of identical wires has an //d — 500 and a center- 

to-center spacing of 6.13x 107?A between the wires. Compute the 

(a) approximate length of a single wire at its first resonance 

(b) diameter of the wire at the first resonance 

(c) characteristic impedance of the folded dipole transmission line 

(d) input impedance of the transmission line mode model 

(e) input impedance of the folded dipole using as the radius of the antenna 
mode (1) the radius of the wire a, (2) the equivalent radius a, of the wires, 
(3) half of the center-to-center spacing (5/2). Compare the results. 

The input impedance of a 0.474 folded dipole operating at 10 MHz is 

Zin = 306 + j75.3 

To resonate the element, it is proposed to place a lumped element in shunt 

(parallel) at the input terminals where the impedance is measured. 

(a) What kind of an element (capacitor or inductor) should be used to accom- 
plish the requirement? 

(b) What is the value of the element (in farads or henries)? 

(c) What is the new value of the input impedance? 

(d) What is the VSWR when the resonant antenna is connected to a 300- 
ohm line? 

Verify using the computer program Folded. 


k—s— 
ES 


Input I 
terminals 


9.13. 


9.14. 


9.15. 


9.16. 
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A half-wavelength, two-element symmetrical folded dipole is connected to a 

300-ohm “twin-lead” transmission line. In order for the input impedance of the 

dipole to be real, an energy storage lumped element is placed across its input 

terminals. Determine, assuming f = 100 MHz, the 

(a) capacitance or inductance of the element that must be placed across 
the terminals. 

(b) VSWR at the terminals of the transmission line taking into account the 
dipole and the energy storage element. 


Verify using the computer program Folded. 


A half-wavelength, two-element symmetrical folded dipole whose each wire 
has a radius of 1073 is connected to a 300-ohm “twin-lead” transmission line. 
The center-to-center spacing of the two wires is 4x 10734. In order for the input 
impedance of the dipole to be real, determine, assuming f — 100 MHz, the 
(a) total capacitance Cz that must be placed in series at the input terminals. 
(b) capacitance C (two of them) that must be placed in series at each of the 
input terminals of the dipole in order to keep the antenna symmetrical. 
(c) VSWR at the terminals of the transmission line connected to the dipole 
through the two capacitances. 


Verify using the computer program Folded. 


An l = 0.474. folded dipole, whose wire radius is 5x 107?A, is fed by a “twin 
lead" transmission line with a 300-ohm characteristic impedance. The center- 
to-center spacing of the two side-by-side wires of the dipole is s = 0.0254. 
The dipole is operating at f = 10 MHz. The input impedance of the “regular” 
dipole of / = 0.47X is Z4 = 79 + j13. 
(a) Determine the 

1. Input impedance of the folded dipole. 

ii. Amplification factor of the input impedance of the folded dipole, 

compared to the corresponding value of the regular dipole. 

iii. Input reflection coefficient. 

iv. Input VSWR. 
(b) To resonate the folded dipole and keep the system balanced, two capacitors 


(each C) are connected each symmetrically in series at the input terminals 
of the folded dipole. 


i. What should C be to resonate the dipole? 
ii. What is the new reflection coefficient at the input terminals of the 
"twin-lead" line? 
iii. What is the new VSWR? 


A folded dipole of length 49/2 is composed of two wires, each of radii 49/200 

and 40/300, respectively, and separated by a distance of 49/100. The folded 

dipole is connected to a 300-ohm transmission line. Determine the following: 

(a) Input impedance of the dipole. 

(b) What capacitance or inductance must be placed in series to the transmission 
line at the feed point so that the dipole is resonant at f, = 600 MHz. 
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(c) Input reflection coefficient, assuming the resonant dipole is connected to a 
300-ohm transmission line. 

(d) Input VSWR of the resonant dipole when connected to the 300-ohm trans- 
mission line. 


A folded dipole antenna operating at 100 MHz with identical wires in both 
arms, and with overall length of each arm being 0.484, is connected to a 
300-ohm twin-lead line. The radius of each wire is a = 5x10^^A while the 
center-to-center separation is s = 5x 107?A. Determine the 

(a) Approximate length (in A) of the regular dipole, at the first resonance, in 
the absence of the other wire. 

(b) Input impedance of the single wire resonant regular dipole. 

(c) Input impedance of the folded dipole at the length of the first resonance of 
the single element. 

(d) Capacitance (in f/m) or inductance (in h/m), whichever is appropriate, that 
must be placed in series with the element at the feed to resonate the folded 
dipole. To keep the element balanced, place two elements, one in each arm. 

(e) VSWR of the resonant folded dipole. 


A A/2 folded dipole is used as the feed element for a Yagi-Uda array whose 

input impedance, when the array is fed by a regular dipole, is 30 + j3. The 

folded dipole used is not symmetrical (i.e., the two wires are not of the same 

radius). One of the wires has a radius of 1074A and the other (the one that is 

connected to the feed) has a radius of 0.5x 107^. The center-to-center spacing 

between the two dipoles is 2x 10774. Determine the 

(a) turns ratio of the equivalent-circuit impedance transformer 

(b) effective impedance of the regular dipole when it is transferred from the 
secondary to the primary of the equivalent-circuit impedance transformer 

(c) input impedance of the folded dipole. 


Repeat the design of Example 9.1 using a Tschebyscheff transformer. 


Repeat the design of Example 9.1 for a three-section 
(a) binomial transformer 

(b) Tschebyscheff transformer 

Verify using the computer program Quarterwave. 


A self-resonant (first resonance) half-wavelength dipole of radius a = 1073A 
is connected to a 300-ohm “twin-lead” line through a three-section binomial 
impedance transformer. Determine the impedances of the three-section binomial 
transformer required to match the resonant dipole to the “twin-lead” line. 
Verify using the computer program Quarterwave. 


Consider a center-fed thin-wire dipole with wire radius a = 0.005). 

(a) Determine the shortest resonant length / (in wavelengths) and correspond- 
ing input resistance R;, of the antenna using assumed sinusoidal current 
distribution. 

(b) Design a two-section Tschebyscheff quarter-wavelength transformer to 
match the antenna to a 75-ohm transmission line. Design the transformer to 
achieve an equal-ripple response to Rj, over a fractional bandwidth of 0.25. 


9.23. 


9.24. 


9.25. 
9.26. 


9.27. 


928. 


PROBLEMS 547 


(c) Compare the performance of the matching network in part (b) to an ideal 
transformer by plotting the input reflection coefficient magnitude versus 
normalized frequency for 0 < f/f, < 2 for both cases. 


Verify using the computer program Quarterwave. 


The free-space impedance at the center point of the driven element of a 15- 
MHz Yagi-Uda array is 25 — j25. Assuming the diameters of the wires of a 
T-match are 1.9x107?A(3.8 cm) and 6.35x10-44(1.27 cm), the center-to- 
center spacing between the wires is 7.62x 107?A(15.24 cm), and the length 
l'/2 of each T-match rod is 0.02854 (57 cm), find the 

(a) input impedance of the T-match 

(b) input capacitance C;, that will resonate the antenna 

(c) capacitance C that must be used in each leg to resonate the antenna 
Verify using the computer program Tee. 


The input impedance of a 145.4 MHz Yagi-Uda antenna is 14 4- j3. Design a 
gamma match using diameters of 0.9525 cm (for the antenna) and 0.2052 cm 
(for the rod), and center-to-center spacing between the wires of 1.5316 cm. The 
match is for a 50-ohm input coaxial line. Find the shortest gamma rod length 
and the required capacitance. First, do the problem analytically. The design 
must be such that the real part of the designed input impedance is within 1 ohm 
of the required 50 ohms. Second, check your answers with the Smith chart. 
Verify using the computer program Gamma. 


Repeat Problem 9.24 for an input impedance of 14 — j3. 


A 4/4 monopole is mounted on a ground plane and has an input impedance of 
34+ j17 at f = 145.4 MHz. Design a gamma match to match the monopole 
to a 50-ohm coaxial line. The wire diameters are identical (0.9525 cm) and the 
center-to-center spacing is 3.1496 cm. Find the required capacitance and the 
shortest gamma rod length. First, do the problem analytically. The design must 
be such that the real part of the designed input impedance is within 1 ohm of 
the required 50 ohms. Second, check your answers with the Smith chart. 
Verify using the computer program Gamma. 


Using a gamma match, a 4/2 dipole is connected to an amateur 425 MHz radio 
receiver using a 78-ohm coaxial line. The length of the gamma match is 4/4 
and its wire radius is identical to that of the dipole. 

(a) What is the input impedance of the antenna-gamma match arrangement at 
the input terminals in the absence of a matching capacitor? 

(b) To resonate the antenna, a capacitor is placed in series to the arm that is 
connected to the center conductor of the coaxial line. What is the value of 
the capacitor? 

(c) When the resonant antenna is connected to a 78-ohm coaxial line, what is 
the magnitude of the reflection coefficient? What is the VSWR? 


Verify using the computer program Gamma. 
A 300 MHz resonant 4/2 dipole with an input impedance of 67 ohms is con- 


nected to a coaxial line through a gamma match. The radii of the wires for 
the dipole and gamma match, and the spacing between them, are such that 
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the turns ratio of the transformer is 3:1. The characteristic impedance of the 

transmission line that the dipole and gamma match part form is 250 ohms. The 

overall length of the gamma match is 0.14. 

(a) What is the total input impedance at the input terminals of the 
gamma match? 

(b) What value of capacitor placed in series shall be selected so that the new 
input impedance is real (resonate the load)? 


A T-match is connected to the antennas of Problems 9.24 and 9.25. Assuming 
that the wire diameters and lengths for each leg of the T-match are those derived 
for each gamma match, find the 

(a) input impedance of the T-match 

(b) capacitance C in each leg to make the antenna system resonant 


Repeat Problem 9.29 but select the lengths /'/2 of the T-match rods so that 
the input resistance is 300 ohms. Use diameters of 0.1026 cm (for the rod), 
0.9525 cm (for the antenna), and center-to-center spacing of 0.7658 cm. This 
connection is ideal for use with a 300-ohm “twin-lead” line. 


A half-wavelength linear dipole (| = X/2), with an ideal sinusoidal current 

distribution, is connected to a Gamma Match whose length is /'/2 = 4/4. The 

radius of the wire of the dipole is 4/200, the radius of the wire of the Gamma 

Match is 4/400, and the center-to-center separation of the two wires is 4/100. 

(a) Determine the input impedance Z;,. 

(b) Instead of using a series capacitance, as is shown in the book to tune-out 
the reactance of the Gamma Match, a parallel inductor L or capacitor C, is 
used to accomplish the same purpose, as shown in the figure below. What is 
the value of the parallel inductance (in henries) or capacitance (in farads) 
that is needed at a frequency of 500 MHz? 

(c) After tuning-out the reactance, as done in Part b of this problem, what is 
the input impedance Z;, and VSWR of the antenna with the Gamma Match 
when they are connected to a 50-ohm coaxial transmission line? 


Lor C 
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Traveling Wave and Broadband Antennas 


10.1 INTRODUCTION 


In the previous chapters we have presented the details of classical methods that are 
used to analyze the radiation characteristics of some of the simplest and most common 
forms of antennas (1.e., infinitely thin linear and circular wires, broadband dipoles, and 
arrays). In practice there is a myriad of antenna configurations, and it would be almost 
impossible to consider all of them in this book. In addition, many of these antennas have 
bizarre types of geometries and it would be almost impractical, if not even impossible, 
to investigate each in detail. However, the general performance behavior of some of 
them will be presented in this chapter with a minimum of analytical formulations. 
Today, comprehensive analytical formulations are available for most of them, but they 
would require so much space that it would be impractical to include them in this book. 


10.2 TRAVELING WAVE ANTENNAS 


In Chapter 4, center-fed linear wire antennas were discussed whose amplitude current 
distribution was 


1. constant for infinitesimal dipoles (J < 4/50) 
2. linear (triangular) for short dipoles (A/50 < I < A/10) 
3. sinusoidal for long dipoles (J > 4/10) 


In all cases the phase distribution was assumed to be constant. The sinusoidal current 
distribution of long open-ended linear antennas is a standing wave constructed by 
two waves of equal amplitude and 180° phase difference at the open end traveling in 
opposite directions along its length. The voltage distribution has also a standing wave 
pattern except that it has maxima (loops) at the end of the line instead of nulls (nodes) 
as the current. In each pattern, the maxima and minima repeat every integral number of 
half wavelengths. There is also a 4/4 spacing between a null and a maximum in each of 
the wave patterns. The current and voltage distributions on open-ended wire antennas 
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are similar to the standing wave patterns on open-ended transmission lines. Linear 
antennas that exhibit current and voltage standing wave patterns formed by reflections 
from the open end of the wire are referred to as standing wave or resonant antennas. 

Antennas can be designed which have traveling wave (uniform) patterns in current 
and voltage. This can be achieved by properly terminating the antenna wire so that 
the reflections are minimized if not completely eliminated. An example of such an 
antenna is a long wire that runs horizontal to the earth, as shown in Figure 10.1. The 
input terminals consist of the ground and one end of the wire. This configuration is 
known as Beverage or wave antenna. There are many other configurations of traveling 
wave antennas. In general, all antennas whose current and voltage distributions can be 
represented by one or more traveling waves, usually in the same direction, are referred 
to as traveling wave or nonresonant antennas. A progressive phase pattern is usually 
associated with the current and voltage distributions. 

Standing wave antennas, such as the dipole, can be analyzed as traveling wave 
antennas with waves propagating in opposite directions (forward and backward) and 
represented by traveling wave currents J and I, in Figure 10.1(a). Besides the long- 
wire antenna there are many examples of traveling wave antennas such as dielectric 
rod (polyrod), helix, and various surface wave antennas. Aperture antennas, such as 
reflectors and horns, can also be treated as traveling wave antennas. In addition, arrays 
of closely spaced radiators (usually less than A/2 apart) can also be analyzed as travel- 
ing wave antennas by approximating their current or field distribution by a continuous 
traveling wave. Yagi-Uda, log-periodic, and slots and holes in a waveguide are some 
examples of discrete-element traveling wave antennas. In general, a traveling wave 


Incident 
Reflected (forward) 
(backward) 
Source 
h Ho Eo 
| h Uo E0 
| Ground Tia 
(a) Long wire above ground and radiation pattern (b) Equivalent: Source and image 


Direction of 
energy flow 


Wire 


| Ground 


(c) Wave tilt 


Figure 10.1 Beverage (long-wire) antenna above ground. 
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antenna is usually one that is associated with radiation from a continuous source. An 
excellent book on traveling wave antennas is one by C. H. Walter [1]. 

A traveling wave may be classified as a slow wave if its phase velocity v,(vp = 
w/k, c = wave angular frequency, k = wave phase constant) is equal or smaller than 
the velocity of light c in free-space (vp/c < 1). A fast wave is one whose phase 
velocity is greater than the speed of light (v,/c > 1). 

In general, there are two types of traveling wave antennas. One is the surface wave 
antenna defined as “an antenna which radiates power flow from discontinuities in the 
structure that interrupt a bound wave on the antenna surface."* A surface wave antenna 
is, in general, a slow wave structure whose phase velocity of the traveling wave is equal 
to or less than the speed of light in free-space (v/c < 1). 

For slow wave structures radiation takes place only at nonuniformities, curvatures, 
and discontinuities (see Figure 1.10). Discontinuities can be either discrete or dis- 
tributed. One type of discrete discontinuity on a surface wave antenna is a transmission 
line terminated in an unmatched load, as shown in Figure 10.1(a). A distributed surface 
wave antenna can be analyzed in terms of the variation of the amplitude and phase of the 
current along its structure. In general, power flows parallel to the structure, except when 
losses are present, and for plane structures the fields decay exponentially away from 
the antenna. Most of the surface wave antennas are end-fire or near-end-fire radiators. 
Practical configurations include line, planar surface, curved, and modulated structures. 

Another traveling wave antenna is a leaky-wave antenna defined as “an antenna that 
couples power in small increments per unit length, either continuously or discretely, 
from a traveling wave structure to free-space”? Leaky-wave antennas continuously lose 
energy due to radiation, as shown in Figure 10.2 by a slotted rectangular waveguide. 
The fields decay along the structure in the direction of wave travel and increase in 
others. Most of them are fast wave structures. 


10.2.1 Long Wire 


An example of a slow wave traveling antenna is a long wire, as shown in Figure 10.1. 
An antenna is usually classified as a Jong wire antenna if it is a straight conductor 
with a length from one to many wavelengths. A long wire antenna has the distinction 
of being the first traveling wave antenna. 

The long wire of Figure 10.1(a), in the presence of the ground, can be analyzed 
approximately using the equivalent of Figure 10.1(b) where an image is introduced to 
take into account the presence of the ground. The magnitude and phase of the image are 
determined using the reflection coefficient for horizontal polarization as given by (4- 
128). The height h of the antenna above the ground must be chosen so that the reflected 
wave (or wave from the image), which includes the phase due to reflection is in phase 
with the direct wave at the angles of desired maximum radiation. However, for typical 
electrical constitutive parameters of the earth, and especially for observation angles 
near grazing, the reflection coefficient for horizontal polarization is approximately —1. 
Therefore the total field radiated by the wire in the presence of the ground can be 


*"[EEE Standard Definitions of Terms for Antennas" (IEEE Std 145-1983), IEEE Trans. Antennas and 
Propagat., Vol. AP-31, No. 6, Part II, Nov. 1983. 
"Ibid. 
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Figure 10.2 Leaky-wave waveguide slots; upper (broad) and side (narrow) walls. 


Figure 10.3 Long-wire antenna. 


found by multiplying the field radiated by the wire in free space by the array factor of 
a two-element array, as was done in Section 4.8.2 and represented by (4-129). 

The objective now is to find the field radiated by the long wire in free space. This 
is accomplished by referring to Figure 10.3. As the wave travels along the wire from 
the source toward the load, it continuously leaks energy. This can be represented by 
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an attenuation coefficient. Therefore the current distribution of the forward traveling 
wave along the structure can be represented by 


I; = à. L (ze Y ©” = â, [pe CETINE (10-1) 


where y(z’) is the propagation coefficient [y(z’) = a(z’) + jk-(z’) where a(z’) is the 
attenuation constant (nepers/meter) while k,(z’) is the phase constant (radians/meter) 
associated with the traveling wave]. In addition to the losses due to leakage, there 
are wire and ground losses. The attenuation factor o(z') can also be used to take 
into account the ohmic losses of the wire as well as ground losses. However, these, 
especially the ohmic losses, are usually very small and for simplicity are neglected. In 
addition, when the radiating medium is air, the loss of energy in a long wire (/ > A) 
due to leakage is also usually very small, and it can also be neglected. Therefore the 
current distribution of (10-1) can be approximated by 


I—á.I(z)e )** = â, ne ) (10-1a) 


where /(z') = Jp is assumed to be constant. Using techniques outlined and used in 
Chapter 4, it can be easily shown that in the far field 


E, ms Eş = H, = Ho =0 (10-2a) 
kll" , . .sin[(k//2)(cos0 — K)] 
fous —j(k1/2)(K —cos6) sin g 
SUE An S n (K/2)(cos6 — K) (10-2b) 
(10-2c) 


where K is used to represent the ratio of the phase constant of the wave along the 
transmission line (k,) to that of free-space (k), or 


K = = = — 10-3 
E (10-3) 
Ag = wavelength of the wave along the transmission line 
Assuming a perfect electric conductor for the ground, the total field for Figure 10.1(a) 


is obtained by multiplying each of (10-2a)—(10-2c) by the array factor sin(kh sin 0). 
For k; = k(K = 1) the time-average power density can be written as 


whos ias HO. us E s acp (10-4) 
(= = 4a, ——————— sin — (coso — = 
a rad Ter (cos — 1»? 2 
which reduces to 
. do 2 (0\ . [kl 
Way = Wiad = ài cot 5 sin z 088 —1) (10-5) 


From (10-5) it is evident that the power distribution of a wire antenna of length / is a 
multilobe pattern whose number of lobes depends upon its length. Assuming that / is 
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very large such that the variations in the sine function of (10-5) are more rapid than 
those of the cotangent, the peaks of the lobes occur approximately when 


. [kl 
sin* | — (cos 0 — 1) =1 (10-6) 
2 6—6, 


Or 
2m 4-1 


kl 
(005 y — 1) = ( IE m —0,1,2,3,... (10-62) 


The angles where the peaks occur are given by 
zi A 
Om = COS 1x 5, Gm +1) , m=0,1,2,3,... (10-7) 


The angle where the maximum of the major lobe occurs is given by m = 0 (or 2m + 
1 = 1). As | becomes very large (l >> A), the angle of the maximum of the major lobe 
approaches zero degrees and the structure becomes a near-end-fire array. 

In finding the values of the maxima, the variations of the cotangent term in (10-5) 
were assumed to be negligible (as compared to those of the sine term). If the effects of 
the cotangent term were to be included, then the values of the 2m + 1 term in (10-7) 
should be 

2m + 1 = 0.742, 2.93, 4.96, 6.97, 8.99, 11, 13,... (10-8) 


(instead of 1,3,5,7,9,...) for the first, second, third, and so forth maxima. The 
approximate values approach those of the exact for the higher order lobes. 
In a similar manner, the nulls of the pattern can be found and occur when 


. | kl 
sin“ | —(cos0 — 1) =0 (10-9) 
2 0—6, 
Or 
kl 
xj 086; —]-—zcnz, n=1,2,3,4,... (10-92) 
The angles where the nulls occur are given by 


x 
0,— cos! (107), n=1,2,3,4,... (10-10) 


for the first, second, third, and so forth nulls. 
The total radiated power can be found by integrating (10-5) over a closed sphere of 
radius r and reduces to 


sin(2k1) 
2kl 


kl 
Buc G Waa ds = |l]? Ee +In (=) — C,(2kl) + | (10-11) 
d 4r T 
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where C;(x) is the cosine integral of (4-68a). The radiation resistance is then found 
to be 


Pim c ot eae nn] gona oed 10-12 
r= TL = — : ni — — Cj - 
Mo? 2x T 2kl G 
Using (10-5) and (10-11) the directivity can be written as 
1 0.3712 
2cot” | — cos! | 1 — 
D 47 Umax 2 l (10-13) 
0 perc ucc M E ENER ODECIRACEDOE WECUEDI E AR OE XC AMINO hea 
2l 2kl 
Prad 1.415 + In (=) -G sin( ) 


A. Amplitude Patterns, Maxima, and Nulls 

To verify some of the derivations and illustrate some of the principles, a number of com- 
putations were made. Shown in Figure 10.4(a) is the three-dimensional pattern of a trav- 
eling wire antenna with length / = 5A while in Figure 10.4(b) is the three-dimensional 


(a) Traveling wave 


x 


(b) Standing wave 


Figure 10.4  Three-dimensional free-space amplitude pattern for traveling and standing wave 
wire antennas of / = 54. 
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Figure 10.5 Two-dimensional free-space amplitude pattern for traveling and standing wave 
wire antennas of / = 54. 


pattern for a standing wave wire antenna with length / = 54. The corresponding two- 
dimensional patterns are shown in Figure 10.5. The pattern of Figure 10.4(a) is formed 
by the forward traveling wave current Ip = I 1€ J of Figure 10.1(a) while that of 
Figure 10.4(b) is formed by the forward 7; plus backward 7, traveling wave currents 
of Figure 10.1(a). The two currents J; and J, together form a standing wave; that is, 
I, = Ig Ij = het — hett = —2j Ip sin(kz) when h = I; = Ip. As expected, for 
the traveling wave antenna of Figure 10.4(a) there is maximum radiation in the for- 
ward direction while for the standing wave antenna of Figure 10.4(b) there is maximum 
radiation in the forward and backward directions. The lobe near the axis of the wire in 
the directions of travel 1s the largest. The magnitudes of the other lobes from the main 
decrease progressively, with an envelope proportional to cot? (0/2), toward the other 
direction. The traveling wave antenna is used when it is desired to radiate or receive 
predominantly from one direction. As the length of the wire increases, the maximum 
of the main lobe shifts closer toward the axis and the number of lobes increase. This 
is illustrated in Figure 10.6 for a traveling wave wire antenna with / = 5A and 102. 
The angles of the maxima of the first four lobes, computed using (10-8), are plotted 
in Figure 10.7(a) for 0.54 < | < 10A. The corresponding angles of the first four nulls, 
computed using (10-10), are shown in Figure 10.7(b) for 0.54 < 1 < 10A. These curves 
can be used effectively to design long wires when the direction of the maximum or 
null is desired. 
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180° 


Figure 10.6 Two-dimensional free-space amplitude pattern for traveling wave wire antenna of 
| = 54 and 104. 


B. Input Impedance 

For traveling wave wire antennas the radiation in the opposite direction from the max- 
imum is suppressed by reducing, if not completely eliminating, the current reflected 
from the end of the wire. This is accomplished by increasing the diameter of the wire 
or more successfully by properly terminating it to the ground, as shown in Figure 10.1. 
Ideally a complete elimination of the reflections (perfect match) can only be accom- 
plished if the antenna is elevated only at small heights (compared to the wavelength) 
above the ground, and it is terminated by a resistive load. The value of the load resis- 
tor, to achieve the impedance match, is equal to the characteristic impedance of the 
wire near the ground (which is found using image theory). For a wire with diameter 
d and height h above the ground, an approximate value of the termination resistance 
is obtained from 


h 
Rr = 138 log (45) (10-14) 


To achieve a reflection-free termination, the load resistor can be adjusted about this 
value (usually about 200—300 ohms) until there is no standing wave on the antenna 
wire. Therefore the input impedance is the same as the load impedance or the charac- 
teristic impedance of the line, as given by (10-14). 

If the antenna is not properly terminated, waves reflected from the load traveling in 
the opposite direction from the incident waves create a standing wave pattern. Therefore 
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Figure 10.7 Angles versus length of wire antenna where maxima and nulls occur. 


the input impedance of the line is not equal to the load impedance. To find the input 
impedance, the transmission line impedance transfer equation of (9-18) can be used. 
Doing this we can write that the impedance at the input terminals of Figure 10.1(a) is 
R i Ze tan( Bl 
noe eS (10-15) 

Ze + j Rx tan(BI) 


C. Polarization 
A long-wire antenna is linearly polarized, and it is always parallel to the plane formed 


by the wire and radial vector from the center of the wire to the observation point. 
The direction of the linear polarization is not the same in all parts of the pattern, but 
it is perpendicular to the radial vector (and parallel to the plane formed by it and 
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the wire). Thus the wire antenna of Figure 10.1, when its height above the ground is 
small compared to the wavelength and its main beam is near the ground, is not an 
effective element for horizontal polarization. Instead it is usually used to transmit or 
receive waves that have an appreciable vector component in the vertical plane. This is 
what is known as a Beverage antenna which is used more as a receiving rather than 
a transmitting element because of its poor radiation efficiency due to power absorbed 
in the load resistor. 

When a TEM wave travels parallel to an air-conductor interface, it creates a forward 
wave tilt [2] which is determined by applying the boundary conditions on the tangential 
fields along the interface. The amount of tilt is a function of the constitutive parameters 
of the ground. If the conductor is a perfect electric conductor (PEC), then the wave 
tilt is zero because the tangential electric field vanishes along the PEC. The wave tilt 
increases with frequency and with ground resistivity. Therefore, for a Beverage wire 
antenna, shown in Figure 10.1(c) in the receiving mode, reception is influenced by 
the tilt angle of the incident vertically polarized wavefront, which is formed by the 
losses of the local ground. The electric-field vector of the incident wavefront produces 
an electric force that is parallel to the wire, which in turn induces a current in the 
wire. The current flows in the wire toward the receiver, and it is reinforced up to a 
certain point along the wire by the advancing wavefront. The wave along the wire is 
transverse magnetic. 


D. Resonant Wires 

Resonant wire antennas are formed when the load impedance of Figure 10.1(a) is not 
matched to the characteristic impedance of the line. This causes reflections which with 
the incident wave form a standing wave. Resonant antennas, including the dipole, were 
examined in detail in Chapter 4, and the electric and magnetic field components of a 
center-fed wire of total length / are given, respectively, by (4-62a) and (4-62b). Other 
radiation characteristics (including directivity, radiation resistance, maximum effective 
area, etc.) are found in Chapter 4. 

Resonant antennas can also be formed using long wires. It can be shown that 
for resonant long wires with lengths odd multiple of half wavelength (l = nd/2, 
n=1,3,5,...), the radiation resistance is given approximately (within 0.5 ohms) 
by [3], [4] 

R, = 73 + 69 log, (n) (10-16) 


This expression gives a very good answer even for n = 1. For the same elements, the 
angle of maximum radiation is given by 


Zj 
Omax = cos! (* ) (10-17) 


n 


This formula is more accurate for small values of n, although it gives good results 
even for large values of n. It can also be shown that the maximum directivity is related 
to the radiation resistance by 
120 
D i, 


m R, sin? Omax 
The values based on (10-18) are within 0.5 dB from those based on (4-75). It is 


apparent that all three expressions, (10-16)—(10-18), lead to very good results for the 
half-wavelength dipole (n = 1). 


(10-18) 
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Long-wire antennas (both resonant and nonresonant) are very simple, economical, 
and effective directional antennas with many uses for transmitting and receiving waves 
in the MF (300 KHz-3 MHz) and HF (3-30 MHz) ranges. Their properties can be 
enhanced when used in arrays. 

A MATLAB computer program, entitled Beverage, has been developed to analyze 
the radiation characteristics of a long-wire antenna. The description of the program is 
found in the corresponding READ ME file included in the CD attached to the book. 


10.2.2 V Antenna 


For some applications a single long-wire antenna is not very practical because (1) its 
directivity may be low, (2) its side lobes may be high, and (3) its main beam is inclined 
at an angle, which is controlled by its length. These and other drawbacks of single 
long-wire antennas can be overcome by utilizing an array of wires. 

One very practical array of long wires is the V antenna formed by using two wires 
each with one of its ends connected to a feed line as shown in Figure 10.8(a). In most 
applications, the plane formed by the legs of the V is parallel to the ground lead- 
ing to a horizontal V array whose principal polarization is parallel to the ground and 
the plane of the V. Because of increased sidelobes, the directivity of ordinary linear 
dipoles begins to diminish for lengths greater than about 1.254, as shown in Figure 4.9. 
However by adjusting the included angle of a V-dipole, its directivity can be made 
greater and its side lobes smaller than those of a corresponding linear dipole. Designs 
for maximum directivity usually require smaller included angles for longer V's. 

Most V antennas are symmetrical (0; = 02 = 0, and lı = l = I). Also V antennas 
can be designed to have unidirectional or bidirectional radiation patterns, as shown in 
Figures 10.8(b) and (c), respectively. To achieve the unidirectional characteristics, the 
wires of the V antenna must be nonresonant which can be accomplished by minimizing 
if not completely eliminating reflections from the ends of the wire. The reflected waves 
can be reduced by making the inclined wires of the V relatively thick. In theory, the 
reflections can even be eliminated by properly terminating the open ends of the V 
leading to a purely traveling wave antenna. One way of terminating the V antenna 
will be to attach a load, usually a resistor equal in value to the open end characteristic 
impedance of the V-wire transmission line, as shown in Figure 10.9(a). The terminating 
resistance can also be divided in half and each half connected to the ground leading 
to the termination of Figure 10.9(b). If the length of each leg of the V is very long 
(typically / > 52), there will be sufficient leakage of the field along each leg that when 
the wave reaches the end of the V it will be sufficiently reduced that there will not 
necessarily be a need for a termination. Of course, termination with a load is not 
possible without a ground plane. 

The patterns of the individual wires of the V antenna are conical in form and 
are inclined at an angle from their corresponding axes. The angle of inclination is 
determined by the length of each wire. For the patterns of each leg of a symmetrical 
V antenna to add in the direction of the line bisecting the angle of the V and to form 
one major lobe, the total included angle 20) of the V should be equal to 28m, which is 
twice the angle that the cone of maximum radiation of each wire makes with its axis. 
When this is done, beams 2 and 3 of Figure 10.8(b) are aligned and add constructively. 
Similarly for Figure 10.8(c), beams 2 and 3 are aligned and add constructively in the 
forward direction, while beams 5 and 8 are aligned and add constructively in the 
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Figure 10.8 Unidirectional and bidirectional V antennas. 


backward direction. If the total included angle of the V is greater than 20, (209 > 
20m) the main lobe is split into two distinct beams. However, if 26) < 20m, then the 
maximum of the single major lobe is still along the plane that bisects the V but it is tilted 
upward from the plane of the V. This may be a desired designed characteristic when 
the antenna is required to transmit waves upward toward the ionosphere for optimum 
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Figure 10.9 Terminated V antennas. 


reflection or to receive signals reflected downward by the ionosphere. For optimum 
operation, typically the included angle is chosen to be approximately 6) ~ 0.80,,. When 
this is done, the reinforcement of the fields from the two legs of the V lead to a total 
directivity for the V of approximately twice the directivity of one leg of the V. 

For a symmetrical V antenna with legs each of length /, there is an optimum included 
angle which leads to the largest directivity. Design data for optimum included angles 
of V dipoles were computed [5] using Moment Method techniques and are shown in 
Figure 10.10(a). The corresponding directivities are shown in Figure 10.10(b). In each 
figure the dots (-) represent values computed using the Moment Method while the solid 
curves represent second- or third-order polynomials fitted through the computed data. 
The polynomials for optimum included angles and maximum directivities are given by 


1\3 late l 
—149.3 (=) + 603.4 (=) — 809.5 (=) + 443.6 (10-19a) 


for 0.5 <1/A < 1.5 


i l 
13.39 (=) 7807 (=) + 169.77 (10-19b) 


for 1.5<1/A <3 


l 
Do = 2.94 (5) +1.15 for 0.5 «1/1 <3 (10-20) 


The dashed curves represent data obtained from empirical formulas [6]. The corre- 
sponding input impedances of the V’s are slightly smaller than those of straight dipoles. 

Another form of a V antenna is shown in the insert of Figure 10.11(a). The V is 
formed by a monopole wire, bent at an angle over a ground plane, and by its image 
shown dashed. The included angle of the V as well as the length can be used to 
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Figure 10.10 Optimum included angle for maximum directivity as a function of arm length 
for V dipoles. (source: G. A. Thiele and E. P. Ekelman, Jr., “Design Formulas for Vee Dipoles,” 
IEEE Trans. Antennas Propagat., Vol. AP-28, pp. 588-590, July 1980. © (1980) IEEE). 


tune the antenna. For included angles greater than 120° (26) > 120°), the antenna 
exhibits primarily vertical polarization with radiation patterns almost identical to those 
of straight dipoles. As the included angle becomes smaller than about 120°, a hori- 
zontally polarized field component is excited which tends to fill the pattern toward the 
horizontal direction, making it a very attractive communication antenna for aircraft. 
The computed impedance of the ground plane and free-space V configurations obtained 
by the Moment Method [7] is shown plotted in Figure 10.11(a). 
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Figure 10.11 Computed impedance (R +jX) of V and bent wire antennas above ground. 
(source: D. G. Fink (ed.), Electronics Engineer’s Handbook, Chapter 18 (by W. F. Croswell), 
McGraw-Hill, New York, 1975). 
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Another practical form of a dipole antenna, particularly useful for airplane or ground- 
plane applications, is the 90° bent wire configuration of Figure 10.11(b). The computed 
impedance of the antenna, obtained also by the Moment Method [7], is shown plot- 
ted in Figure 10.11(b). This antenna can be tuned by adjusting its perpendicular and 
parallel lengths ^1 and h2. The radiation pattern in the plane of the antenna is nearly 
omnidirectional for hı < 0.14. For hı > 0.14 the pattern approaches that of vertical 
^./2 dipole. 


10.2.3 Rhombic Antenna 


A. Geometry and Radiation Characteristics 

Two V antennas can be connected at their open ends to form a diamond or rhom- 
bic antenna, as shown in Figure 10.12(a). The antenna is usually terminated at one 
end in a resistor, usually about 600—800 ohms, in order to reduce if not eliminate 
reflections. However, if each leg is long enough (typically greater than 5A) sufficient 
leakage occurs along each leg that the wave that reaches the far end of the rhombus is 
sufficiently reduced that it may not be necessary to terminate the rhombus. To achieve 
the single main lobe, beams 2, 3, 6, and 7 are aligned and add constructively. The 
other end is used to feed the antenna. Another configuration of a rhombus is that of 
Figure 10.12(b) which is formed by an inverted V and its image (shown dashed). The 
inverted V is connected to the ground through a resistor. As with the V antennas, the 
pattern of rhombic antennas can be controlled by varying the element lengths, angles 


(b) Rhombus formed by inverted vertical V over ground 


Figure 10.12 Rhombic antenna configurations. 
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between elements, and the plane of the rhombus. Rhombic antennas are usually pre- 
ferred over V’s for nonresonant and unidirectional pattern applications because they 
are less difficult to terminate. Additional directivity and reduction in side lobes can 
be obtained by stacking, vertically or horizontally, a number of rhombic and/or V 
antennas to form arrays. 

The field radiated by a rhombus can be found by adding the fields radiated by 
its four legs. For a symmetrical rhombus with equal legs, this can be accomplished 
using array theory and pattern multiplication. When this is done, a number of design 
equations can be derived [8]-[11]. For this design, the plane formed by the rhombus 
is placed parallel and a height h above a perfect electric conductor. 


B. Design Equations 
Let us assume that it is desired to design a rhombus such that the maximum of the 
main lobe of the pattern, in a plane which bisects the V of the rhombus, is directed at 
an angle yo above the ground plane. The design can be optimized if the height h is 
selected according to 
ee, elas (10-21) 
ho 4cos(90° — Wo)’ in cad 
with m = 1 representing the minimum height. 
The minimum optimum length of each leg of a symmetrical rhombus must be 
selected according to 


0.371 
= = L————————— (10-22) 
Xo 1 — sin(90? — Wo) cos 0o 
The best choice for the included angle of the rhombus is selected to satisfy 
0o = cos” '[sin(90° — Yo)] (10-23) 


10.3 BROADBAND ANTENNAS 


In Chapter 9 broadband dipole antennas were discussed. There are numerous other 
antenna designs that exhibit greater broadband characteristics than those of the dipoles. 
Some of these antenna can also provide circular polarization, a desired extra feature 
for many applications. In this section we want to discuss briefly some of the most 
popular broadband antennas. 


10.3.1 Helical Antenna 


Another basic, simple, and practical configuration of an electromagnetic radiator is that 
of a conducting wire wound in the form of a screw thread forming a helix, as shown 
in Figure 10.13. In most cases the helix is used with a ground plane. The ground plane 
can take different forms. One is for the ground to be flat, as shown in Figure 10.13. 
Typically the diameter of the ground plane should be at least 34/4. However, the 
ground plane can also be cupped in the form of a cylindrical cavity (see Figure 10.17) 
or in the form of a frustrum cavity [8]. In addition, the helix is usually connected to 
the center conductor of a coaxial transmission line at the feed point with the outer 
conductor of the line attached to the ground plane. 
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Figure 10.13 Helical antenna with ground plane. 


The geometrical configuration of a helix consists usually of N turns, diameter D 
and spacing S between each turn. The total length of the antenna is L = NS while 
the total length of the wire is L, = N Lo = NV S? + C? where Lo = V S? + C? is the 
length of the wire between each turn and C — z D is the circumference of the helix. 
Another important parameter is the pitch angle w which is the angle formed by a line 
tangent to the helix wire and a plane perpendicular to the helix axis. The pitch angle 
is defined by 


(10-24) 


When o = 0°, then the winding is flattened and the helix reduces to a loop antenna 
of N turns. On the other hand, when œ = 90° then the helix reduces to a linear wire. 
When 0? < o < 90°, then a true helix is formed with a circumference greater than zero 
but less than the circumference when the helix is reduced to a loop (a = 0°). 

The radiation characteristics of the antenna can be varied by controlling the size of its 
geometrical properties compared to the wavelength. The input impedance is critically 
dependent upon the pitch angle and the size of the conducting wire, especially near the 
feed point, and it can be adjusted by controlling their values. The general polarization 
of the antenna is elliptical. However circular and linear polarizations can be achieved 
over different frequency ranges. 
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Figure 10.14 Three-dimensional normalized amplitude linear power patterns for normal and 
end-fire modes helical designs. 


The helical antenna can operate in many modes; however the two principal ones are 
the normal (broadside) and the axial (end-fire) modes. The three-dimensional ampli- 
tude patterns representative of a helix operating, respectively, in the normal (broadside) 
and axial (end-fire) modes are shown in Figure 10.14. The one representing the normal 
mode, Figure 10.14(a), has its maximum in a plane normal to the axis and is nearly 
null along the axis. The pattern is similar in shape to that of a small dipole or circular 
loop. The pattern representative of the axial mode, Figure 10.14(b), has its maximum 
along the axis of the helix, and it is similar to that of an end-fire array. More details 
are in the sections that follow. The axial (end-fire) mode is usually the most practical 
because it can achieve circular polarization over a wider bandwidth (usually 2:1) and 
it is more efficient. 

Because an elliptically polarized antenna can be represented as the sum of two 
orthogonal linear components in time-phase quadrature, a helix can always receive 
a signal transmitted from a rotating linearly polarized antenna. Therefore helices are 
usually positioned on the ground for space telemetry applications of satellites, space 
probes, and ballistic missiles to transmit or receive signals that have undergone Faraday 
rotation by traveling through the ionosphere. 


A. Normal Mode 

In the normal mode of operation the field radiated by the antenna is maximum in 
a plane normal to the helix axis and minimum along its axis, as shown sketched 
in Figure 10.14(a), which is a figure-eight rotated about its axis similar to that of a 
linear dipole of l < A9 or a small loop (a « ig). To achieve the normal mode of 
operation, the dimensions of the helix are usually small compared to the wavelength 
(i.e., N Lo « Ao). 

The geometry of the helix reduces to a loop of diameter D when the pitch angle 
approaches zero and to a linear wire of length S when it approaches 90°. Since the 
limiting geometries of the helix are a loop and a dipole, the far field radiated by a 
small helix in the normal mode can be described in terms of Eg and Ey components of 
the dipole and loop, respectively. In the normal mode, the helix of Figure 10.15(a) can 
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Figure 10.15 Normal (broadside) mode for helical antenna and its equivalent. 


be simulated approximately by N small loops and N short dipoles connected together 
in series as shown in Figure 10.14(b). The fields are obtained by superposition of the 
fields from these elemental radiators. The planes of the loops are parallel to each other 
and perpendicular to the axes of the vertical dipoles. The axes of the loops and dipoles 
coincide with the axis of the helix. 

Since in the normal mode the helix dimensions are small, the current throughout its 
length can be assumed to be constant and its relative far-field pattern to be independent 
of the number of loops and short dipoles. Thus its operation can be described accurately 
by the sum of the fields radiated by a small loop of radius D and a short dipole of 
length S, with its axis perpendicular to the plane of the loop, and each with the same 
constant current distribution. 

The far-zone electric field radiated by a short dipole of length S and constant current 
Ig is Eg, and it is given by (4-26a) as 


kIoSe I 
Eo = jn f sino (10-25) 
4rr 
where / is being replaced by S. In addition the electric field radiated by a loop is Eg, 
and it is given by (5-27b) as 
k^(D/2)! Ige- )* 
= n 


ds sin Q (10-26) 


where D/2 is substituted for a. A comparison of (10-25) and (10-26) indicates that the 
two components are in time-phase quadrature, a necessary but not sufficient condition 
for circular or elliptical polarization. 
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The ratio of the magnitudes of the Eg and E; components is defined here as the 
axial ratio (AR), and it is given by 


[Es] 4S 2AS 


—».|Egdg  zkD? (aD? (10-27) 


By varying the D and/or S the axial ratio attains values of 0 < AR < oo. The value 
of AR = 0 is a special case and occurs when Ee = 0 leading to a linearly polarized 
wave of horizontal polarization (the helix is a loop). When AR = oo, Eg = 0 and the 
radiated wave is linearly polarized with vertical polarization (the helix is a vertical 
dipole). Another special case is the one when AR is unity (AR = 1) and occurs when 


2X08 
= 10-28 
GD) ( ) 
or 
—munD-AX2$A9 (10-28a) 
for which 
(10-29) 


When the dimensional parameters of the helix satisfy the above relation, the radiated 
field is circularly polarized in all directions other than 6 = 0^ where the fields vanish. 

When the dimensions of the helix do not satisfy any of the above special cases, 
the field radiated by the antenna is not circularly polarized. The progression of polar- 
ization change can be described geometrically by beginning with the pitch angle of 
zero degrees (a = 0^), which reduces the helix to a loop with linear horizontal polar- 
ization. As o increases, the polarization becomes elliptical with the major axis being 
horizontally polarized. When a, is such that C/Ao = 4/28/Ao, AR = 1 and we have 
circular polarization. For greater values of o, the polarization again becomes elliptical 
but with the major axis vertically polarized. Finally when a = 90° the helix reduces 
to a linearly polarized vertical dipole. 

To achieve the normal mode of operation, it has been assumed that the current 
throughout the length of the helix is of constant magnitude and phase. This is satisfied 
to a large extent provided the total length of the helix wire NLo is very small compared 
to the wavelength (L, « Ao) and its end is terminated properly to reduce multiple 
reflections. Because of the critical dependence of its radiation characteristics on its 
geometrical dimensions, which must be very small compared to the wavelength, this 
mode of operation is very narrow in bandwidth and its radiation efficiency is very 
small. Practically this mode of operation is limited, and it is seldom utilized. 


B. Axial Mode 
A more practical mode of operation, which can be generated with great ease, is the 
axial or end-fire mode. In this mode of operation, there is only one major lobe and its 
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maximum radiation intensity is along the axis of the helix, as shown in Figure 10.14(b). 
The minor lobes are at oblique angles to the axis. 

To excite this mode, the diameter D and spacing S must be large fractions of 
the wavelength. To achieve circular polarization, primarily in the major lobe, the cir- 
cumference of the helix must be in the i <C/ho < i range (with C/Ao = 1 near 
optimum), and the spacing about S ~ A9/4. The pitch angle is usually 12? < œ < 14°. 
Most often the antenna is used in conjunction with a ground plane, whose diameter is 
at least Ao/2, and it is fed by a coaxial line. However, other types of feeds (such as 
waveguides and dielectric rods) are possible, especially at microwave frequencies. The 
dimensions of the helix for this mode of operation are not as critical, thus resulting in 
a greater bandwidth. 


C. Design Procedure 

The terminal impedance of a helix radiating in the axial mode is nearly resistive with 
values between 100 and 200 ohms. Smaller values, even near 50 ohms, can be obtained 
by properly designing the feed. Empirical expressions, based on a large number of 
measurements, have been derived [8], and they are used to determine a number of 
parameters. The input impedance (purely resistive) is obtained by 


R c: 140 (=) (10-30) 


524. 
HPBW (degrees) ~ —À— (10-31) 
CV NS 


the beamwidth between nulls by 


115 
FNBW (degrees) ~ GUNS (10-32) 


the directivity by 


: . ^S 
Do (dimensionless) — 15N Sen (10-33) 
0 


the axial ratio (for the condition of increased directivity) by 


2N+1 
2N 


AR = 


(10-34) 
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and the normalized far-field pattern by 


. (T sin[(N/2)y] 
E = sin (=) cos  ——————— 
2N sin[w/2] (10-35) 
where 
L 
y = ko (s cos — A) (10-352) 
p 
Lo/X 
p= Lofho For ordinary end-fire radiation (10-35b) 
S/Xo +1 
ps Lo/Ào For Hansen-Woodyard end-fire 
7 2N+1 radiation 
S/o + ( E ) (10-35c) 


All these relations are approximately valid provided 12? < œ < 14^, i <C/ho < 4, 
and N > 3. 

The far-field pattern of the helix, as given by (10-35), has been developed by 
assuming that the helix consists of an array of N identical turns (each of nonuniform 
current and identical to that of the others), a uniform spacing S between them, and 
the elements are placed along the z-axis. The cos @ term in (10-35) represents the field 
pattern of a single turn, and the last term in (10-35) is the array factor of a uniform 
array of N elements. The total field is obtained by multiplying the field from one turn 
with the array factor (pattern multiplication). 

The value of p in (10-35a) is the ratio of the velocity with which the wave travels 
along the helix wire to that in free space, and it is selected according to (10-35b) for 
ordinary end-fire radiation or (10-35c) for Hansen-Woodyard end-fire radiation. These 
are derived as follows. 

For ordinary end-fire the relative phase y; among the various turns of the helix 
(elements of the array) is given by (6-7a), or 


V = koS cos + B (10-36) 


where d = S is the spacing between the turns of the helix. For an end-fire design, the 
radiation from each one of the turns along 0 = 0° must be in phase. Since the wave 
along the helix wire between turns travels a distance Lo with a wave velocity v = pvo 
(p « 1 where vo is the wave velocity in free space) and the desired maximum radiation 
is along 0 — 0^, then (10-36) for ordinary end-fire radiation is equal to 


L 
V = (koS cos 0 — kLo)g-» = ko (s E =) —-2zm, m=0,1,2,... (10-37) 
p 


Solving (10-37) for p leads to 
pec (10-38) 
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For m = 0 and p = 1, Lo = S. This corresponds to a straight wire (v = 90°), and not 
a helix. Therefore the next value is m = 1, and it corresponds to the first transmission 
mode for a helix. Substituting m — 1 in (10-38) leads to 


Lo/ào 
= —— 10-38 
S eee) 


which is that of (10-35b). 
In a similar manner, it can be shown that for Hansen-Woodyard end-fire radiation 
(10-37) is equal to 


L 
Y = (oS cos0 — klode = ko (S 2) = (22m 77). m=0,1,2,... 
p 


(10-39) 
which when solved for p leads to 
Lo/Ao 
p 2mN +1 vo) 
S/Xo + 2N 
For m — 1, (10-40) reduces to 
Lo/Ao 
p INI (10-40a) 
S/ào + 2N 


which is identical to (10-35c). 


Example 10.1 
Design a 10-turn helix to operate in the axial mode. For an optimum design, 


1. Determine the: 
a. Circumference (in ào), pitch angle (in degrees), and separation between 
turns (in ào) 
b. Relative (to free space) wave velocity along the wire of the helix for: 
1. Ordinary end-fire design 
ii. Hansen-Woodyard end-fire design 
c. Half-power beamwidth of the main lobe (in degrees) 
d. Directivity (in dB) using: 
i. A formula 
ii. The computer program Directivity of Chapter 2 
e. Axial ratio (dimensionless and in dB) 
2. Plot the normalized three-dimensional linear power pattern for the ordinary 
and Hansen-Woodyard designs. 
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Solution: 
1. a. For an optimum design 
C > ìo, œ S 13° > S = C tana = X, tan(13°) = 0.2314, 
b. The length of a single turn is 
n= JL EC SAA OR E E E 


Therefore the relative wave velocity is: 
i. Ordinary end-fire: 


o Bole 1.0263 
EUH EET IU e Eo ET 
ae Shee Sees ee 


ii. Hansen-Woodyard end-fire: 


Lo/do 1.0263 
mer Se UN oe M LEUTE D M HUI 
v g D 2N +1 0.231 + 21/20 
Vou 2N 
c. The half-power beamwidth according to (10-31) is 
5212 52 


HPBW ~ 22121355 


CJ/NS . 1100231) 


d. The directivity is: 
i. Using (10-33): 


CAS 
ID), 82 ISNS = 15(10) (1)? (0.231) — 34.65 (dimensionless) 


oO 


= 15.397 dB 
ii. Using the computer program Directivity and (10-35): 
a. ordinary end-fire (p — 0.8337): D, — 12.678 (dimensionless) 
— 11.03 dB 


b. H-W end-fire (p = 0.8012): D, = 26.36 (dimensionless) = 14.21 dB 
e. The axial ratio according to (10-34) is: 


_2N+1_ 2041 


AR = = 
2N 20 


= 1.05 (dimensionless) = 0.21 dB 


2. The three-dimensional linear power patterns for the two end-fire designs, 
ordinary and Hansen-Woodyard, are shown in Figure 10.16. 
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(a) ordinary end-fire (b) Hansen-Woodyard end-fire 


Figure 10.16 Three-dimensional normalized amplitude linear power patterns for helical 
ordinary (p = 0.8337) and Hansen-Woodyard (p = 0.8012) end-fire designs. 


D. Feed Design 

The nominal impedance of a helical antenna operating in the axial mode, computed 
using (10-30), is 100—200 ohms. However, many practical transmission lines (such as 
a coax) have characteristic impedance of about 50 ohms. In order to provide a better 
match, the input impedance of the helix must be reduced to near that value. There 
may be a number of ways by which this can be accomplished. One way to effectively 
control the input impedance of the helix is to properly design the first 1/4 turn of the 
helix which is next to the feed [8], [12]. To bring the input impedance of the helix 
from nearly 150 ohms down to 50 ohms, the wire of the first 1/4 turn should be flat 
in the form of a strip and the transition into a helix should be very gradual. This is 
accomplished by making the wire from the feed, at the beginning of the formation of 
the helix, in the form of a strip of width w by flattening it and nearly touching the 
ground plane which is covered with a dielectric slab of height [2] 


w 
h= RR (10-41) 


JeZo 


where 


w — width of strip conductor of the helix starting at the feed 
dielectric constant of the dielectric slab covering the ground plane 
Zo — characteristic impedance of the input transmission line 


fay 
x 
ll 


Typically the strip configuration of the helix transitions from the strip to the regular 
circular wire and the designed pitch angle of the helix very gradually within the first 
1/4—1/2 turn. 

This modification decreases the characteristic impedance of the conductor-ground 
plane effective transmission line, and it provides a lower impedance over a substantial 
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but reduced bandwidth. For example, a 50-ohm helix has a VSWR of less than 2:1 
over a 40% bandwidth compared to a 70% bandwidth for a 140-ohm helix. In addition, 
the 50-ohm helix has a VSWR of less than 1.2:1 over a 12% bandwidth as contrasted 
to a 20% bandwidth for one of 140 ohms. 

A simple and effective way of increasing the thickness of the conductor near the 
feed point will be to bond a thin metal strip to the helix conductor [12]. For example, 
a metal strip 70-mm wide was used to provide a 50-ohm impedance in a helix whose 
conducting wire was 13-mm in diameter and it was operating at 230.77 MHz. 

A commercially available helix with a cupped ground plane is shown in Figure 10.17. 
It is right-hand circularly-polarized (RHCP) operating between 100—160 MHz with a 
gain of about 6 dB at 100 MHz and 12.8 dB at 160 MHz. The right-hand winding of the 
wire is clearly shown in the photo. The axial ratio is about 8 dB at 100 MHz and 2 dB at 
160 MHz. The maximum VSWR in the stated operating frequency, relative to a 50-ohm 
line, does not exceed 3:1. 

A MATLAB computer program, entitled Helix, has been developed to analyze and 
design a helical antenna. The description of the program is found in the corresponding 
READ ME file included in the CD attached to the book. 


10.3.2 Electric-Magnetic Dipole 


It has been shown in the previous section that the circular polarization of a helical 
antenna operating in the normal mode was achieved by assuming that the geometry of 
the helix is represented by a number of horizontal small loops and vertical infinitesimal 
dipoles. It would then seem reasonable that an antenna with only one loop and a single 
vertical dipole would, in theory, represent a radiator with an elliptical polarization. 
Ideally circular polarization, in all space, can be achieved if the current in each element 
can be controlled, by dividing the available power between the dipole and the loop, so 
that the magnitude of the field intensity radiated by each is equal. 


Figure 10.17 Commercial helix with a cupped ground plane. (Courtesy: Seavey Engineering 
Associates, Inc, Pembroke, MA). 
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Figure 10.18 Electric-magnetic dipole configuration. (source: A. G. Kandoian, “Three New 
Antenna Types and Their Applications," Proc. IRE, Vol. 34, pp. 70W —75W, February 1946. © 
(1946) IEEE). 


Experimental models of such an antenna were designed and built [13] one operating 
around 350 MHz and the other near 1.2 GHz. A sketch of one of them is shown in 
Figure 10.18. The measured VSWR in the 1.15—1.32 GHz frequency range was less 
than 2:1. 

This type of an antenna is very useful in UHF communication networks where 
considerable amount of fading may exist. In such cases the fading of the horizontal 
and vertical components are affected differently and will not vary in the same manner. 
Hopefully, even in severe cases, there will always be one component all the time which 
is being affected less than the other, thus providing continuous communication. The 
same results would apply in VHF and/or UHF broadcasting. In addition, a transmitting 
antenna of this type would also provide the versatility to receive with horizontally or 
vertically polarized elements, providing a convenience in the architectural design of 
the receiving station. 


10.3.3 Yagi-Uda Array of Linear Elements 


Another very practical radiator in the HF (3-30 MHz), VHF (30-300 MHZ), and UHF 
(300—3,000 MHz) ranges is the Yagi-Uda antenna. This antenna consists of a number 
of linear dipole elements, as shown in Figure 10.19, one of which is energized directly 
by a feed transmission line while the others act as parasitic radiators whose currents 
are induced by mutual coupling. A common feed element for a Yagi-Uda antenna is 
a folded dipole. This radiator is exclusively designed to operate as an end-fire array, 
and it is accomplished by having the parasitic elements in the forward beam act as 
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Figure 10.19 Yagi-Uda antenna configuration. 


directors while those in the rear act as reflectors. Yagi designated the row of directors 
as a “wave canal.” The Yagi-Uda array has been widely used as a home TV antenna; 
so it should be familiar to most of the readers, if not to the general public. 

The original design and operating principles of this radiator were first described 
in Japanese in articles published in the Journal of LE.E. of Japan by S. Uda of the 
Tohoku Imperial University in Japan [14]. In a later, but more widely circulated and 
read article [15], one of Professor Uda’s colleagues, H. Yagi, described the operation 
of the same radiator in English. This paper has been considered a classic, and it was 
reprinted in 1984 in its original form in the Proceedings of the IEEE [15] as part 
of IEEE's centennial celebration. Despite the fact that Yagi in his English written 
paper acknowledged the work of Professor Uda on beam radiators at a wavelength of 
4.4 m, it became customary throughout the world to refer to this radiator as a Yagi 
antenna, a generic term in the antenna dictionary. However, in order for the name to 
reflect more appropriately the contributions of both inventors, it should be called a 
Yagi-Uda antenna, a name that will be adopted in this book. Although the work of 
Uda and Yagi was done in the early 1920s and published in the middle 1920s, full 
acclaim in the United States was not received until 1928 when Yagi visited the United 
States and presented papers at meetings of the Institute of Radio Engineers (IRE) 
in New York, Washington, and Hartford. In addition, his work was published in the 
Proceedings of IRE, June 1928, where J. H. Dellinger, Chief of Radio Division, Bureau 
of Standards, Washington, D.C., and himself a pioneer of radio waves, characterized it 
as "exceptionally fundamental" and wrote “I have never listened to a paper that I felt 
so sure was destined to be a classic." So true!! 

In 1984, IEEE celebrated its centennial year (1884—1984). Actually, IEEE was 
formed in 1963 when the IRE and AIEE united to form IEEE. During 1984, the Pro- 
ceedings of the IEEE republished some classic papers, in their original form, in the 
different areas of electrical engineering that had appeared previously either in the Pro- 
ceeding of the IRE or IEEE. In antennas, the only paper that was republished was 
that by Yagi [15]. Not only that, in 1997, the Proceedings of the IEEE republished for 
the second time the original paper by Yagi [15], [16]. That in itself tells us something 
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of the impact this particular classic antenna design had on the electrical engineering 
profession. 

The Yagi-Uda antenna has received exhaustive analytical and experimental inves- 
tigations in the open literature and elsewhere. It would be impractical to list all the 
contributors, many of whom we may not be aware. However, we will attempt to sum- 
marize the salient point of the analysis, describe the general operation of the radiator, 
and present some design data. 

To achieve the end-fire beam formation, the parasitic elements in the direction of 
the beam are somewhat smaller in length than the feed element. Typically the driven 
element is resonant with its length slightly less than 4/2 (usually 0.45—0.494) whereas 
the lengths of the directors should be about 0.4 to 0.454. However, the directors are not 
necessarily of the same length and/or diameter. The separation between the directors 
is typically 0.3 to 0.44, and it is not necessarily uniform for optimum designs. It has 
been shown experimentally that for a Yagi-Uda array of 6A total length the overall gain 
was independent of director spacing up to about 0.34. A significant drop (5-7 dB) in 
gain was noted for director spacings greater than 0.34. For that antenna, the gain was 
also independent of the radii of the directors up to about 0.0241. The length of the 
reflector is somewhat greater than that of the feed. In addition, the separation between 
the driven element and the reflector is somewhat smaller than the spacing between the 
driven element and the nearest director, and it is found to be near optimum at 0.254. 

Since the length of each director is smaller than its corresponding resonant length, 
the impedance of each is capacitive and its current leads the induced emf. Similarly 
the impedances of the reflectors is inductive and the phases of the currents lag those of 
the induced emfs. The total phase of the currents in the directors and reflectors is not 
determined solely by their lengths but also by their spacing to the adjacent elements. 
Thus, properly spaced elements with lengths slightly less than their corresponding 
resonant lengths (less than 4/2) act as directors because they form an array with 
currents approximately equal in magnitude and with equal progressive phase shifts 
which will reinforce the field of the energized element toward the directors. Similarly, 
a properly spaced element with a length of 4/2 or slightly greater will act as a reflector. 
Thus a Yagi-Uda array may be regarded as a structure supporting a traveling wave 
whose performance is determined by the current distribution in each element and the 
phase velocity of the traveling wave. It should be noted that the previous discussion 
on the lengths of the directors, reflectors, and driven elements is based on the first 
resonance. Higher resonances are available near lengths of A, 34/2, and so forth, but 
are seldom used. 

In practice, the major role of the reflector is played by the first element next to the 
one energized, and very little in the performance of a Yagi-Uda antenna is gained if 
more than one (at the most two) elements are used as reflectors. However, considerable 
improvements can be achieved if more directors are added to the array. Practically there 
is a limit beyond which very little is gained by the addition of more directors because 
of the progressive reduction in magnitude of the induced currents on the more extreme 
elements. Usually most antennas have about 6 to 12 directors. However, many arrays 
have been designed and built with 30 to 40 elements. Array lengths on the order of 
64. have been mentioned [17] as typical. A gain (relative to isotropic) of about 5 to 9 
per wavelength is typical for such arrays, which would make the overall gain on the 
order of about 30 to 54 (14.8—17.3 dB) typical. 
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The radiation characteristics that are usually of interest in a Yagi-Uda antenna 
are the forward and backward gains, input impedance, bandwidth, front-to-back ratio, 
and magnitude of minor lobes. The lengths and diameters of the directors and reflec- 
tors, as well as their respective spacings, determine the optimum characteristics. For 
a number of years optimum designs were accomplished experimentally. However, 
with the advent of high-speed computers many different numerical techniques, based 
on analytical formulations, have been utilized to derive the geometrical dimensions 
of the array for optimum operational performance. Usually Yagi-Uda arrays have 
low input impedance and relatively narrow bandwidth (on the order of about 2%). 
Improvements in both can be achieved at the expense of others (such as gain, mag- 
nitude of minor lobes, etc.). Usually a compromise is made, and it depends on the 
particular design. One way to increase the input impedance without affecting the 
performance of other parameters is to use an impedance step-up element as a feed 
(such as a two-element folded dipole with a step-up ratio of about 4). Front-to- 
back ratios of about 30 (7:15 dB) can be achieved at wider than optimum element 
spacings, but they usually are compromised somewhat to improve other desirable 
characteristics. 

The Yagi-Uda array can be summarized by saying that its performance can be 
considered in three parts: 


1. the reflector-feeder arrangement 
2. the feeder 
3. the rows of directors 


It has been concluded, numerically and experimentally, that the reflector spacing and 
size have (1) negligible effects on the forward gain and (2) large effects on the back- 
ward gain (front-to-back ratio) and input impedance, and they can be used to control 
or optimize antenna parameters without affecting the gain significantly. The feeder 
length and radius has a small effect on the forward gain but a large effect on the 
backward gain and input impedance. Its geometry is usually chosen to control the 
input impedance that most commonly is made real (resonant element). The size and 
spacing of the directors have a large effect on the forward gain, backward gain, 
and input impedance, and they are considered to be the most critical elements of 
the array. 

Yagi-Uda arrays are quite common in practice because they are lightweight, simple 
to build, low-cost, and provide moderately desirable characteristics (including a uni- 
directional beam) for many applications. The design for a small number of elements 
(typically five or six) is simple but the design becomes quite critical if a large number 
of elements are used to achieve a high directivity. To increase the directivity of a 
Yagi-Uda array or to reduce the beamwidth in the E-plane, several rows of Yagi-Uda 
arrays can be used [18] to form a curtain antenna. To neutralize the effects of the feed 
transmission line, an odd number of rows is usually used. 


A. Theory: Integral Equation-Moment Method 

There have been many experimental [19], [20] investigations and analytical [21]—[30] 
formulations of the Yagi-Uda array. A method [25] based on rigorous integral equations 
for the electric field radiated by the elements in the array will be presented and it will 
be used to describe the complex current distributions on all the elements, the phase 
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velocity, and the corresponding radiation patterns. The method is similar to that of [25], 
which is based on Pocklington’s integral equation of (8-24) while the one presented 
here follows that of [25] but is based on Pocklington’s integral equation of (8-22) and 
formulated by Tirkas [26]. Mutual interactions are also included and, in principle, there 
are no restrictions on the number of elements. However, for computational purposes, 
point-matching numerical methods, based on the techniques of Section 8.4, are used to 
evaluate and satisfy the integral equation at discrete points on the axis of each element 
rather than everywhere on the surface of every element. The number of discrete points 
where boundary conditions are matched must be sufficient in number to allow the 
computed data to compare well with experimental results. 

The theory is based on Pocklington’s integral equation of (8-22) for the total field 
generated by an electric current source radiating in an unbounded free-space, or 


41/2 32 en iR 
J I (z^) (zs + e) — — dz = jAnwenE' (10-42) 
-1/2 dz R f 
where 
R=yV (x -xP +O- yP E-z) (10-42a) 
gage 2 jkR 2 jkR 
a e 7 ð e/ 
mU —— 10-43 
8z? ( R ) dz” ( R ) ( ) 


(10-42) reduces to 
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We will now concentrate in the integration of the first term of (10-44). Integrating 
the first term of (10-44) by parts where 


u = I (z^ (10-45) 
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Since we require that the current at the ends of each wire vanish [i.e., 7, (z' = +1/2) = 
I.(z = —1/2) = 0], (10-47) reduces to 


41/2 32 eT JR +l/2 a e JR dI(z) 
IG dz = — I dz! 10-48 
L : TE ( R ) : s az! ( R ) EU ( ) 


Integrating (10-48) by parts where 


dlI(z) 
u= 


10-49 
dz 
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When (10-51) is substituted for the first term of (10-44) reduces it to 


+1/2 41/2 dI / —jkR 
«f KG + £ E dz = j4mcegE. (10-52) 
-1J2 -1/2 dz R ! 


dl (z) e-i*8 
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For small diameter wires the current on each element can be approximated by a 
finite series of odd-ordered even modes. Thus, the current on the nth element can be 
written as a Fourier series expansion of the form [26] 


mz 
ln 


M 
L(z) = 25 Tam COS (om — 1) 


m=1 


| (10-53) 


where /,, represents the complex current coefficient of mode m on element n and 
l, represents the corresponding length of the n element. Taking the first and second 
derivatives of (10-53) and substituting them, along with (10-53), into (10-52) reduces 
it to 
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Since the cosine is an even function, (10-54) can be reduced by integrating over only 
0 <z’ <1/2to 


M E ] B 
2- Tam [opn ema, (x Xx. y, y'/z, *) + |e e oe 


"E 
m=1 n n 
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(10-55) 
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R =y (x = x) + (y — yY +a ++ (zz) (10-55b) 


m= N2 IN 
N = total number of elements 


where 


R+ is the distance from the center of each wire radius to the center of any 
other wire, as shown in Figure 10.20(a). 


The integral equation of (10-55) is valid for each element, and it assumes that the 
number M of current modes is the same for each element. To apply the Moment 
Method solution to the integral equation of (10-55), each wire element is subdivided 
in M segments. On each element, other than the driven element, the matching is 
done at the center of the wire, and it requires that E! of (10-55) vanishes at each 
matching point of each segment [i.e., E! (z = zi) = 0], as shown in Figure 10.20(b). 
On the driven element the matching is done on the surface of the wire, and it requires 
that E? of (10-55) vanishes at M — 1 points, even though there are m modes, and it 
excludes the segment at the feed as shown in Figure 10.20(c). This generates M — 1 
equations. The Mth equation on the feed element is generated by the constraint that 
the normalized current for all M modes at the feed point (z’ = 0) of the driven element 
is equal to unity [25], [27], or 


M 
D Fam (2! = 0) 
m=1 


Based on the above procedure, a system of linear equations is generated by taking 
into account the interaction of 


=1 (10-56) 
n=N 


a. each mode in each wire segment with each segment on the same wire. 
b. each mode in each wire segment with each segment on the other wires. 


This system of linear equations is then solved to find the complex amplitude coefficients 
of the current distribution in each wire as represented by (10-53). This is demonstrated 
in [25] for a three-element array (one director, one reflector, and the driven element) 
with two modes in each wire. 
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Figure 10.20 Geometry of Yagi-Uda array for Moment Method formulation (source: G. A. 
Thiele, “Yagi-Uda Type Antennas,” IEEE Trans. Antennas Propagat., Vol. AP-17, No. 1, 
pp. 24-31, January 1969. © (1969) IEEE). 


B. Far-Field Pattern 
Once the current distribution is found, the far-zone field generated by each element 
can be found using the techniques outlined in Chapter 3. The total field of the entire 
Yagi-Uda array is obtained by summing the contributions from each. 

Using the procedure outlined in Chapter 3, Section 3.6, the far-zone electric field 
generated by the M modes of the nth element oriented parallel to the z axis is given by 
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where x,, y, represent the position of the nth element. The total field is then obtained 
by summing the contributions from each of the N elements, and it can be written as 


N 
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For each wire, the current is represented by (10-53). Therefore the last integral in 
(10-58a) can be written as 
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Since the cosine is an even function, (10-59) can also be expressed as 
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(10-62) can be reduced to 
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There have been other analyses [28], [29] based on the integral equation formu- 
lation that allows the conversion to algebraic equations. In order not to belabor fur- 
ther the analytical formulations, which in call cases are complicated because of the 
antenna structure, it is appropriate at this time to present some results and indicate 
design procedures. 


C. Computer Program and Results 

Based on the preceding formulation, a MATLAB and FORTRAN computer program 
entitled Yagi_Uda has been developed [26] that computes the E- and H-plane patterns, 
their corresponding half-power beamwidths, and the directivity of the Yagi-Uda array. 
The program is described in the corresponding READ ME file, and both are included 
in the CD attached to the book. The input parameters include the total number of 
elements (N), the number of current modes in each element (M), the length of each 
element, and the spacing between the elements. The program assumes one reflector, 
one driven element, and N — 2 directors. For the development of the formulation and 
computer program, the numbering system (n — 1,2,..., N) for the elements begins 
with the first director (n = 1), second director (n = 2), etc. The reflector is represented 
by the next to the last element (n — N — 1), while the driven element is designated as 
the last element (n — N), as shown in Figure 10.19. 

One Yagi-Uda array design is considered here, which is the same as one of the 
two included in [25]; the other ones are assigned as end of the chapter problems. The 
patterns, beamwidths, and directivities were computed based on the computer program 
developed here. 
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Example 10.2 


Design a Yagi-Uda array of 15 elements (13 directors, one reflector, and the exciter). Com- 
pute and plot the E- and H-plane patterns, normalized current at the center of each element, 
and directivity and front-to-back ratio as a function of reflector spacing and director spac- 
ing. Use the computer program Yagi_Uda of this chapter. The dimensions of the array are 
as follows: 


N = total number of elements = 15 
number of directors = 13 
number of reflectors = 1 
number of exciters = 1 
total length of reflector = 0.54 
total length of feeder = 0.474. 
total length of each director = 0.4067. 
spacing between reflector and feeder = 0.254. 
spacing between adjacent directors = 0.344 


a = radius of wires = 0.0034 


Solution: Using the computer program of this chapter, the computed E- and H-plane 
patterns of this design are shown in Figure 10.21. The corresponding beamwidths are: 
E-plane (©, = 26.98°), H-plane (©; = 27.96^) while the directivity is 14.64 dB. A plot 
of the current at the center of each element versus position of the element is shown in 
Figure 10.22; the current of the feed element at its center is unity, as required by (10-56). 
One important figure-of-merit in Yagi-Uda array is the front-to-back ratio of the pattern 
[20 logio E(0 = 90^, p = 90°)/E (0 = 90°, à = 270°)] as a function of the spacing of the 
reflector with respect to the feeder. This, along with the directivity, is shown in Figure 10.23 
for spacing from 0.1A—0.5A. For this design, the maximum front-to-back ratio occurs for 
a reflector spacing of about 0.23A while the directivity is monotonically decreasing very 
gradually, from about 15.2 dB at a spacing of 0.1A down to about 10.4 dB at a spacing 
of 0.5A. 

Another important parametric investigation is the variation of the front-to-back ratio and 
directivity as a function of director spacing. This is shown in Figure 10.24 for spacings 
from 0.1A to 0.54. It is apparent that the directivity exhibits a slight increase from about 
12 dB at a spacing of about 0.14 to about 15.3 dB at a spacing of about 0.454. A steep 
drop in directivity occurs for spacings greater than about 0.45). This agrees with the con- 
clusion arrived at in [19] and [28] that large reductions in directivity occur in Yagi-Uda 
array designs for spacings greater than about 0.44. For this design, the variations of the 
front-to-back ratio are much more sensitive as a function of director spacing, as shown in 
Figure 10.24; excursions on the order of 20—25 dB are evident for changes in spacing of 
about 0.052. Such variations in front-to-back ratio as shown in Figure 10.24, as a func- 
tion of director spacing, are not evident in Yagi-Uda array designs with a smaller number 
of elements. However, they are even more pronounced for designs with a larger number 
of elements. Both of these are demonstrated in design problems assigned at the end of 
the chapter. 
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Figure 10.21  E- and H-plane amplitude patterns of 15-element Yagi-Uda array. 
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Figure 10.22 Normalized current at the center of each element of a 15-element Yagi-Uda 
array. 
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Figure 10.23 Directivity and front-to-back ratio, as a function of reflector 


15-element Yagi-Uda array. 
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Figure 10.24  Directivity and front-to-back ratio, as a function of director spacing, for 


15-element Yagi-Uda array. 


D. Optimization 


The radiation characteristics of the array can be adjusted by controlling the geometrical 
parameters of the array. This was demonstrated in Figures 10.23 and 10.24 for the 
15-element array using uniform lengths and making uniform variations in spacings. 
However, these and other array characteristics can be optimized by using nonuniform 
director lengths and spacings between the directors. For example, the spacing between 
the directors can be varied while holding the reflector—exciter spacing and the lengths 
of all elements constant. Such a procedure was used by Cheng and Chen [28] to 
optimize the directivity of a six-element (four-director, reflector, exciter) array using 
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TABLE 10.1 Directivity Optimization for Six-Element Yagi-Uda Array (Perturbation of 
Director Spacings), lj = 0.51, D = 0.502, l3 = l4 = l; = lẹ = 0.432, a = 0.003369). 


$31/* $32/ S43/ 854/ $65/ X Directivity (dB) 


Initial array 0.250 0.310 0.310 0.310 0.310 11.21 
Optimized array 0.250 0.336 0.398 0.310 0.407 12.87 


(SOURCE: D. K. Cheng and C. A. Chen, "Optimum Spacings for Yagi-Uda Arrays," IEEE Trans. Antennas 
Propag., Vol. AP-21, pp. 615—623, September 1973. O (1973) IEEE). 


TABLE 10.2 Directivity Optimization for Six-Element Yagi-Uda Array (Perturbation of 
All Element Spacings), lj = 0.51}, L = 0.502, L = l4 = l5 = lẹ = 0.432, a = 0.003369). 


$31/* $32/ S43/ 854/ $65/ X Directivity (dB) 


Initial array 0.280 0.310 0.310 0.310 0.310 10.92 
Optimized array 0.250 0.352 0.355 0.354 0.373 12.89 


(SOURCE: D. K. Cheng and C. A. Chen, "Optimum Spacings for Yagi-Uda Arrays," IEEE Trans. Antennas 
Propag., Vol. AP-21, pp. 615—623, September 1973. O (1973) IEEE). 


a perturbational technique. The results of the initial and the optimized (perturbed) 
array are shown in Table 10.1. For the same array, they allowed all the spacings 
to vary while maintaining constant all other parameters. The results are shown in 
Table 10.2. 

Another optimization procedure is to maintain the spacings between all the elements 
constant and vary the lengths so as to optimize the directivity. The results of a six- 
element array [29] are shown in Table 10.3. The ultimate optimization is to vary both 
the spacings and lengths. This was accomplished by Chen and Cheng [29] whereby 
they first optimized the array by varying the spacing, while maintaining the lengths 
constant. This was followed, on the same array, with perturbations in the lengths while 
maintaining the optimized spacings constant. The results of this procedure are shown 
in Table 10.4 with the corresponding H-plane (0 = 7/2, $) far-field patterns shown in 
Figure 10.25. In all, improvements in directivity and front-to-back ratio are noted. The 
ideal optimization will be to allow the lengths and spacings to vary simultaneously. 
Such an optimization was not performed in [28] or [29], although it could have been 
done iteratively by repeating the procedure. 


TABLE 10.3 Directivity Optimization for Six-Element Yagi-Uda Array (Perturbation of 
All Element Lengths), s21 = 0.250, 532 = $43 = S54 = Sos = 0.3101, a = 0.003369). 


LIA b/d b/ l/r Is/h  Ig/%  Directivity (dB) 


Initial array 0.510 0.490 0.430 0.430 0.430 0.430 10.93 
Length-perturbed array 0.472 0.456 0.438 0.444 0.432 0.404 12.16 


(SOURCE: C. A. Chen and D. K. Cheng, “Optimum Element Lengths for Yagi-Uda Arrays," IEEE Trans. 
Antennas Propag., Vol. AP-23, pp. 8—15, January 1975. © (1975) IEEE). 
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TABLE 10.4 Directivity Optimization for Six-Element Yagi-Uda Array (Perturbation of Director Spacings and All Element Lengths), 


a = 0.003369). 
h/X 
Initial array 0.510 
Array after spacing 0.510 
perturbation 


Optimum array after spacing 0.472 
and length perturbation 


LIN 


0.490 
0.490 


0.452 


LIN 


0.430 
0.430 


0.436 


Lifk 


0.430 
0.430 


0.430 


hx 


0.430 
0.430 


0.434 


Is/ y 


0.430 
0.430 


0.430 


$21/* 


0.250 
0.250 


0.250 


$32/ 


0.310 
0.289 


0.289 


$43/ 


0.310 
0.406 


0.406 


$54/ 


0.310 
0.323 


0.323 


$65/ 


0.310 
0.422 


0.422 


Directivity 
(dB) 


10.93 
12.83 


13.41 


(SOURCE: C. A. Chen and D. K. Cheng, “Optimum Element Lengths for Yagi-Uda Arrays," IEEE Trans. Antennas Propag., Vol. AP-23, pp. 8-15, January 1975. © 


(1975) IEEE). 
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Figure 10.25 Normalized amplitude antenna patterns of initial, perturbed, and optimum six- 
element Yagi-Uda arrays (Table 10.4). (source: C. A. Chen and D. K. Cheng, “Optimum Element 


Lengths for Yagi-Uda Arrays," IEEE Trans. Antennas Propagat., Vol. AP-23, pp. 8—15, January 
1975. © (1975) IEEE). 


Another parameter that was investigated for the directivity-optimized Yagi-Uda 
antenna was the frequency bandwidth [30]. The results of such a procedure are shown 
in Figure 10.26. The antenna was a six-element array optimized at a center frequency 
fo. The array was designed, using space perturbations on all the elements, to yield an 
optimum directivity at fo. The geometrical parameters are listed in Table 10.2. The 
3-dB bandwidth seems to be almost the same for the initial and the optimized arrays. 
The rapid decrease in the directivity of the initial and optimized arrays at frequencies 
higher than fo and nearly constant values below fọ may be attributed to the structure 
of the antenna which can support a “traveling wave" at f < fo but not at f > fo. 
It has thus been suggested that an increase in the bandwidth can be achieved if the 
geometrical dimensions of the antenna are chosen slightly smaller than the optimum. 


E. Input Impedance and Matching Techniques 
The input impedance of a Yagi-Uda array, measured at the center of the driven ele- 
ment, is usually small and it is strongly influenced by the spacing between the reflector 
and feed element. For a 13-element array using a resonant driven element, the mea- 
sured input impedances are listed in Table 10.5 [22]. Some of these values are low for 
matching to a 50-, 78-, or 300-ohm transmission lines. 

There are many techniques that can be used to match a Yagi-Uda array to a trans- 
mission line and eventually to the receiver, which in many cases is a television set 
which has a large impedance (on the order of 300 ohms). Two common matching 
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Figure 10.26 Bandwidth of initial and optimum six-element Yagi-Uda array with perturbation 
of all element spacings (Table 10.2). (source: N. K. Takla and L.-C. Shen, “Bandwidth of a Yagi 
Array with Optimum Directivity," IEEE Trans. Antennas Propagat., Vol. AP-25, pp. 913—914, 


November 1977. © (1977) IEEE). 


TABLE 10.5 Input Impedance of a 15-Element 


Yagi-Uda Array (Reflector Length = 0.5); Director 


Spacing = 0.34); Director Length = 0.406) 


Reflector Spacing (s21/X) Input Impedance (ohms) 


0.25 
0.18 
0.15 
0.13 
0.10 


62 
50 
32 
22 
12 


techniques are the use of the folded dipole, of Section 9.5, as a driven element and 
simultaneously as an impedance transformer, and the Gamma-match of Section 9.7.4. 
Which one of the two is used depends primarily on the transmission line from the 


antenna to the receiver. 


The coaxial cable is now widely used as the primary transmission line for television, 
especially with the wide spread and use of cable TV; in fact, most television sets 
are already prewired with coaxial cable connections. Therefore, if the coax with a 
characteristic impedance of about 78 ohms is the transmission line used from the 
Yagi-Uda antenna to the receiver and since the input impedance of the antenna is 
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typically 30—70 ohms (as illustrated in Table 10.5), the Gamma-match is the most 
prudent matching technique to use. This has been widely used in commercial designs 
where a clamp is usually employed to vary the position of the short to achieve a 
best match. 

If, however, a “twin-lead” line with a characteristic impedance of about 300 ohms is 
used as the transmission line from the antenna to the receiver, as was used widely some 
years ago, then it would be most prudent to use a folded dipole as the driven element 
which acts as a step-up impedance transformer of about 4:1 (4:1) when the length of 
the element is exactly 1/2. This technique is also widely used in commercial designs. 

Another way to explain the end-fire beam formation and whether the parameters of 
the Yagi-Uda array are properly adjusted for optimum directivity is by drawing a vector 
diagram of the progressive phase delay from element to element. If the current ampli- 
tudes throughout the array are equal, the total phase delay for maximum directivity 
should be about 180°, as is required by the Hansen- Woodyard criteria for improved end- 
fire radiation. Since the currents in a Yagi-Uda array are not equal in all the elements, 
the phase velocity of the traveling wave along the antenna structure is not the same 
from element-to-element but it is always slower than the velocity of light and faster 
than the corresponding velocity for a Hansen-Woodyard design. For a Yagi-Uda array, 
the decrease in the phase velocity is a function of the increase in total array length. 

In general then, the phase velocity, and in turn the phase shift, of a traveling wave 
in a Yagi-Uda array structure is controlled by the geometrical dimensions of the array 
and its elements, and it is not uniform from element to element. 


F. Design Procedure 

A government document [31] has been published which provides extensive data of 
experimental investigations carried out by the National Bureau of Standards to deter- 
mine how parasitic element diameter, element length, spacings between elements, 
supporting booms of different cross-sectional areas, various reflectors, and overall 
length affect the measured gain. Numerous graphical data is included to facilitate the 
design of different length antennas to yield maximum gain. In addition, design criteria 
are presented for stacking Yagi-Uda arrays either one above the other or side by side. 
A step-by-step design procedure has been established in determining the geometrical 
parameters of a Yagi-Uda array for a desired directivity (over that of a 4/2 dipole 
mounted at the same height above ground). The included graphs can only be used to 
design arrays with overall lengths (from reflector element to last director) of 0.4, 0.8, 
1.2, 2.2, 3.2, and 4.24 with corresponding directivities of 7.1, 9.2, 10.2, 12.25, 13.4, and 
14.2 dB, respectively, and with a diameter-to-wavelength ratio of 0.001 < d/A < 0.04. 
Although the graphs do not cover all possible designs, they do accommodate most prac- 
tical requests. The driven element used to derive the data was a 4/2 folded dipole, 
and the measurements were carried out at f = 400 MHz. To make the reader aware 
of the procedure, it will be outlined by the use of an example. The procedure is iden- 
tical for all other designs at frequencies where included data can accommodate the 
specifications. 

The basis of the design is the data included in 


1. Table 10.6 which represents optimized antenna parameters for six different 
lengths and for a d/A = 0.0085 


2. Figure 10.27 which represents uncompensated director and reflector lengths for 
0.001 < d/4 < 0.04 
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TABLE 10.6 Optimized Uncompensated Lengths of Parasitic Elements for Yagi-Uda 
Antennas of Six Different Lengths 


d/ = 0.0085 Length of Yagi-Uda (in wavelengths) 


= ix oa | os |1% | z2 | s2 | a | 


I. eeen 
REFLECTOR (J; /A) 0.482 0.482 0.482 0.482 0.482 0.475 
ou 442 | 0.428 | 428 | 0.424 | 424 
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a a EN ENC-ICO 
i be = 


SPACING BETWEEN 

DIRECTORS (sj /4) 0.308 
DIRECTIVITY RELATIVE 

TO HALF-WAVE 

DIPOLE (dB) 7.1 9.2 10.2 12.25 | 13.4 14.2 
DESIGN CURVE 

(SEE FIGURE 10.27) (A) (B) (B) (C) (B) (D) 


(SOURCE: Peter P. Viezbicke, Yagi Antenna Design, NBS Technical Note 688, December 1976). 
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Figure 10.27 Design curves to determine element lengths of Yagi-Uda arrays. (source: P. 
P. Viezbicke, “Yagi Antenna Design,” NBS Technical Note 688, U.S. Department of Com- 
merce/National Bureau of Standards, December 1976). 


3. Figure 10.28 which provides compensation length increase for all the parasitic 
elements (directors and reflectors) as a function of boom-to-wavelength ratio 
0.001 < D/A x 0.04 


The specified information is usually the center frequency, antenna directivity, d/A 
and D/A ratios, and it is required to find the optimum parasitic element lengths (direc- 
tors and reflectors). The spacing between the directors is uniform but not the same 
for all designs. However, there is only one reflector and its spacing is s = 0.24 for 
all designs. 


Example 10.3 


Design a Yagi-Uda array with a directivity (relative to a A/2 dipole at the same height 
above ground) of 9.2 dB at fọ = 50.1 MHz. The desired diameter of the parasitic elements 
is 2.54 cm and of the metal supporting boom 5.1 cm. Find the element spacings, lengths, 
and total array length. 

Solution: 


a. At fo = 50.1 MHz the wavelength is A = 5.988 m = 598.8 cm. Thus d/A = 
2.54/598.8 = 4.24 x 10^? and D/A = 5.1/598.8 = 8.52 x 107°. 

b. From Table 10.6, the desired array would have a total of five elements 
(three directors, one reflector, one feeder) For a d/A — 0.0085 ratio the 
optimum uncompensated lengths would be those shown in the second column 
of Table 10.6 (l3 = [5 = 0.4284, l4 = 0.4244, and lı = 0.4824). The overall 
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antenna length would be L = (0.6+0.2)A =0.8A, the spacing between 
directors 0.24, and the reflector spacing 0.2A. It is now desired to find the 
optimum lengths of the parasitic elements for a d/A = 0.00424. 

c. Plot the optimized lengths from Table 10.6 (/7 = I? = 0.428), [7 = 0.4242, 
and I’ = 0.4824) on Figure 10.27 and mark them by a dot (-). 

d. In Figure 10.27 draw a vertical line through d/à = 0.00424 intersecting curves 
(B) at director uncompensated lengths /; = /5 = 0.442) and reflector length 
Ij = 0.4854. Mark these points by an x. 

e. With a divider, measure the distance (A/) along director curve (B) between 
points /7 = [2 = 0.4284 and /; = 0.4244. Transpose this distance from the 
point /4 = l; = 0.4424 on curve (B), established in step (d) and marked by 
an x, downward along the curve and determine the uncompensated length 
I, = 0.4384. Thus the boom uncompensated lengths of the array at fo = 


50.1 MHz are 
i = l= 0.442% 
l} = 0.4384 
lj = 0.4854 


f. Correct the element lengths to compensate for the boom diameter. From 
Figure 10.28, a boom diameter-to-wavelength ratio of 0.00852 requires a frac- 
tional length increase in each element of about 0.0054. Thus the final lengths 
of the elements should be 


lz = [5 = (0.442 + 0.005)A = 0.4474. 
l4 = (0.438 + 0.005)A = 0.4434 
lı = (0.485 + 0.005)A = 0.4907. 


The design data were derived from measurements carried out on a nonconducting 
Plexiglas boom mounted 3A above the ground. The driven element was a 4/2 folded 
dipole matched to a 50-ohm line by a double-stub tuner. All parasitic elements were 
constructed from aluminum tubing. Using Plexiglas booms, the data were repeatable 
and represented the same values as air-dielectric booms. However that was not the case 
for wooden booms because of differences in the moisture, which had a direct affect on 
the gain. Data on metal booms was also repeatable provided the element lengths were 
increased to compensate for the metal boom structure. 

A commercial Yagi-Uda antenna is shown in Figure 10.29. It is a TV antenna 
designed primarily for channels 2—13. Its gain (over a dipole) ranges from 4.4 dB for 
channel 2 to 7.3 dB for channel 13, and it is designed for 300 ohms impedance. 


10.3.4 Yagi-Uda Array of Loops 


Aside from the dipole, the loop antenna is one of the most basic antenna elements. 
The pattern of a very small loop is similar to that of a very small dipole and in 
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diameter. (source: P. P. Viezbicke, “Yagi Antenna Design," NBS Technical Note 688, U.S. 
Department of Commerce/National Bureau of Standards, December 1976). 


Figure 10.29 Commercial Yagi-Uda dipole TV array. (Courtesy: Winegard Company, 
Burlington, IA). 


the far-field region it has a null along its axis. As the circumference of the loop 
increases, the radiation along its axis increases and reaches near maximum at about 
one wavelength [32]. Thus loops can be used as the basic elements, instead of the linear 
dipoles, to form a Yagi-Uda array as shown in Figure 10.30. By properly choosing the 
dimensions of the loops and their spacing, they can form a unidirectional beam along 
the axis of the loops and the array. 
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Figure 10.30 Yagi-Uda array of circular loops. 


It has been shown that the radiation characteristics of a two-element loop array, one 
driven element and a parasitic reflector, resulted in the elimination of corona problems 
at high altitudes [33]. In addition, the radiation characteristics of loop arrays mounted 
above ground are less affected by the electrical properties of the soil, as compared with 
those of dipoles [34]. A two-element loop array also resulted in a 1.8 dB higher gain 
than a corresponding array of two dipoles [33]. A two-element array of square loops 
(a feeder and a reflector) in a boxlike construction is called a “cubical quad" or simply 
a "quad" antenna, and it is very popular in amateur radio applications [35]. The sides 
of each square loop are 4/4 (perimeter of A), and the loops are usually supported by 
a fiberglass or bamboo cross-arm assembly. 

The general performance of a loop Yagi-Uda array is controlled by the same geomet- 
rical parameters (reflector, feeder, and director sizes, and spacing between elements), 
and it is influenced in the same manner as an array of dipoles [36]— [38]. 

In a numerical parametric study of coaxial Yagi-Uda arrays of circular loops [37] of 
2 to 10 directors, it has been found that the optimum parameters for maximum forward 
gain were 


1. circumference of feeder 2zt b; ~ 1.14, where bz is its radius. This radius was 
chosen so that the input impedance for an isolated element is purely resistive. 

2. circumference of the reflector 2z: b, ~ 1.054, where b, is its radius. The size of 
the reflector does not strongly influence the forward gain but has a major effect 
on the backward gain and input impedance. 

3. feeder—reflector spacing of about 0.14. Because it has negligible effect on the for- 
ward gain, it can be used to control the backward gain and/or the input impedance. 

4. circumference of directors 2zt b ~ 0.74, where b is the radius of any director and 
it was chosen to be the same for all. When the circumference approached a value 
of one wavelength, the array exhibited its cutoff properties. 

5. spacing of directors of about 0.254, and it was uniform for all. 


The radius a of all the elements was retained constant and was chosen to satisfy 
Q = 21n(Qz b5/a) = 11 where b» is the radius of the feeder. 

While most of the Yagi-Uda designs have been implemented using dipoles, and some 
using loops, as the primary elements, there have been Yagi-Uda designs using slots [39] 
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and microstrip patch elements [40]. The microstrip design was primarily configured for 
low-angle satellite reception for mobile communications [40]. 


10.4 MULTIMEDIA 


In 


the CD that is part of the book the following multimedia resources are included for 


the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 
b. Matlab computer programs, designated 
e Beverage 
e Helix 
for computing and displaying the radiation characteristics of beverage and heli- 
cal antennas. 
c. Matlab and Fortran computer program, designated Yagi Uda, for computing 
and displaying the radiation characteristics of a Yagi-Uda array design. 
d. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


10.1. 


10.2. 


10.3. 


10.4. 


10.5. 


10.6. 


Given the current distribution of (10-1a), show that the 

(a) far-zone electric field intensity is given by (10-2a) and (10-2b) 

(b) average power density is given by (10-4) and (10-5) 

(c) radiated power is given by (10-11) 

Determine the phase velocity (compared to free-space) of the wave on a Bev- 
erage antenna (terminated long wire) of length / = 504 so that the maximum 
occurs at angles of 

(a) 10° (b) 20° 

from the axis of the wire. 


The current distribution on a terminated and matched long linear (traveling 
wave) antenna of length /, positioned along the x-axis and fed at its one end, 
is given by 

I-áhe/", O<x'<1 


Find the far field electric and magnetic field components in standard spherical 
coordinates. 


A long linear (traveling wave) antenna of length /, positioned along the z-axis 
and fed at the z = 0 end, is terminated in a load at the z = / end. There is a 
nonzero reflection at the load such that the current distribution on the wire is 
given by 
e i + Re 
I(z)—19—— ——, Ozzxl 

Ka 1+R 
Determine as a function of R and / the 
(a) far-zone spherical electric-field components 
(b) radiation intensity in the 6 = 7/2 direction 
Design a Beverage antenna so that the first maximum occurs at 10° from its 
axis. Assuming the phase velocity of the wave on the line is the same as that 
of free-space, find the 


(a) lengths (exact and approximate) to accomplish that 

(b) angles (exact and approximate) where the next six maxima occur 

(c) angles (exact and approximate) where the nulls, between the maxima found 
in parts (a) and (b), occur 

(d) radiation resistance using the exact and approximate lengths 

(e) directivity using the exact and approximate lengths 

Verify using the computer program Beverage. 


It is desired to place the first maximum of a long wire traveling wave antenna 
at an angle of 25° from the axis of the wire. For the wire antenna, find the 


10.7. 


10.8. 


10.9. 


10.10. 


10.11. 


10.12. 


10.13. 
10.14. 


PROBLEMS 603 


(a) exact required length 

(b) radiation resistance 

(c) directivity (in dB) 

The wire is radiating into free space. 


Compute the directivity of a long wire with lengths of / = 2A and 34. 
Verify using the computer program Beverage. 


A long wire of diameter d is placed (in the air) at a height h above the ground. 
(a) Find its characteristic impedance assuming h > d. 
(b) Compare this value with (10-14). 


Beverage (long-wire) antennas are used for over-the-horizon communication 

where the maximum of the main beam is pointed few degrees above the 

horizon. Assuming the wire antenna of length / and radius 4/200 is placed 

horizontally parallel to the z-axis a height h = 4/20 above a flat, perfect 

electric conducting plane of infinite extent (x-axis is perpendicular to the 

ground plane). 

(a) Derive the array factor for the equivalent two-element array. 

(b) What is the normalized total electric field of the wire in the presence of 
the conducting plane? 

(c) What value of load resistance should be placed at the terminating end to 
eliminate any reflections and not create a standing wave? 


It is desired to design a very long resonant (standing wave) wire for over- 
the-horizon communication system, with a length equal to odd multiple of 
a half of a wavelength, so that its first maximum is 10° from the axis of the 
wire. To meet the design requirements, determine the resonant (standing wave) 
antenna’s 

(a) approximate length (in A). 

(b) radiation resistance. 

(c) directivity (in dB). 

To make the resonant (standing wave) antenna a traveling wave antenna, it 
will be terminated with a load resistance. If the wire antenna’s diameter is 
4/400 and it is placed horizontally a height 1/20 above an infinite perfectly 
conducting flat ground plane, 

(d) what should the load resistance be to accomplish this? 


Compute the optimum directivities of a V antenna with leg lengths of / = 2A 
and / = 34. Compare these values with those of Problem 10.7. 


Design a symmetrical V antenna so that its optimum directivity is 8 dB. Find 
the lengths of each leg (in A) and the total included angle of the V (in degrees). 


Repeat the design of Problem 10.12 for an optimum directivity of 5 dB. 


It is desired to design a V-dipole with a maximized directivity. The length 
of each arm is 0.54 (overall length of the entire V-dipole is A). To meet the 
requirements of the design, what is the 


(a) total included angle of the V-dipole (in degrees)? 
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10.17. 


10.18. 
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(b) directivity (in dB)? 

(c) gain (in dB) if the overall antenna efficiency is 35%? 

Ten identical elements of V antennas are placed along the z-axis to form 
a uniform broadside array. Each element is designed to have a maximum 


directivity of 9 dB. Assuming each element is placed so that its maximum is 
also broadside (0 = 90°) and the elements are spaced 4/4 apart, find the 


(a) arm length of each V (in A) 
(b) included angle (in degrees) of each V 
(c) approximate total directivity of the array (in dB). 


Design a resonant 90° bent, 4/4 long, 0.25 x 10~%A radius wire antenna placed 

above a ground plane. Find the 

(a) height where the bent must be made 

(b) input resistance of the antenna 

(c) VSWR when the antenna is connected to a 50-ohm line. 

Design a five-turn helical antenna which at 400 MHz operates in the normal 

mode. The spacing between turns is A9/50. It is desired that the antenna 

possesses circular polarization. Determine the 

(a) circumference of the helix (in Ao and in meters) 

(b) length of a single turn (in Ao and in meters) 

(c) overall length of the entire helix (in Ao and in meters) 

(d) pitch angle (in degrees). 

A helical antenna of 4 turns is operated in the normal mode at a frequency 

of 880 MHz and is used as an antenna for a wireless cellular telephone. The 

length L of the helical antenna is 5.7 cm and the diameter of each turn is 

0.5 cm. Determine the: 

(a) Spacing S (in ào) between the turns. 

(b) Length Lo (in ào) of each turn. 

(c) Overall length L, (in Ao) of entire helix. 

(d) Axial ratio of the helix (dimensionless). 

(e) On the basis of the answer in Part d, the primary dominant component 
(Eg or Ey) of the far-zone field radiated by the helix. 

(f) Primary polarization of the helix (vertical or horizontal) and why? Does 
the antenna primarily radiate as a linear vertical wire antenna or as a 
horizontal loop? Why? Explain. 

(g) Radiation resistance of the helical antenna assuming that it can be deter- 


mined using 
LM 
R, ~ 640 | — 
ho 


(h) Radiation resistance of a single straight wire monopole of length L (the 
same L as that of the helix) mounted above an infinite ground plane. 

(i) On the basis of the values of Parts g and h, what can you say about which 
antenna is preferable to be used as an antenna for a cellular telephone and 
why? Explain. 


10.19. 


10.20. 


10.21. 


10.22. 


10.23. 
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Helical antennas are often used for space applications where the polarization 
of the other antenna is not necessarily constant at all times. To assure unin- 
terrupted communication, the helical antenna is designed to produce nearly 
circular polarization. For a 10-turn helix and axial mode operation, determine 
the following: 


(a) radius (in Ag), pitch angle (in degrees), and separation between turns (in 
A) of the helix for optimum operation. 


(b) half-power beamwidth (in degrees). 
(c) directivity (in dB). 
(d) axial ratio (dimensionless). 


(e) minimum loss (in dB) of the received signal if the other antenna of the 
communication system is linearly polarized: 


1. in the vertical direction; 
2. at a 45° tilt relative to the vertical. 


Design a nine-turn helical antenna operating in the axial mode so that the 
input impedance is about 110 ohms. The required directivity is 10 dB (above 
isotropic). For the helix, determine the approximate: 


(a) circumference (in Ao). 

(b) spacing between the turns (in Ao). 

(c) half-power beamwidth (in degrees). 
Assuming a symmetrical azimuthal pattern: 


(d) determine the directivity (in dB) using Kraus' formula. Compare with the 
desired. 


It is desired to design an optimum end-fire helical antenna radiating in the 
axial mode at 100 MHz whose polarization axial ratio is 1.1. Determine the: 


(a) directivity (dimensionless and in dB). 

(b) half-power beamwidth (in degrees). 

(c) input impedance. 

(d) VSWR when connected to a 50-ohm line. 

(e) wave velocity of the wave traveling along the helix for an ordinary end-fire 
radiation (in m/sec). 

Design a five-turn helical antenna which at 300 MHz operates in the axial 

mode and possesses circular polarization in the major lobe. Determine the 

(a) near optimum circumference (in Ao and in meters) 

(b) spacing (in Ao and in meters) for near optimum pitch angle design 

(c) input impedance 

(d) half-power beamwidth (in degrees), first-null beamwidth (in degrees), 
directivity (dimensionless and in dB), and axial ratio 

(e) VSWR when the antenna is connected to 50- and 75-ohm coaxial lines 


For Problem 10.22, plot the normalized polar amplitude pattern (in dB) assum- 
ing phasing for 
(a) ordinary end-fire 
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(b) Hansen-Woodyard end-fire 

(c) p=1 

For Problem 10.22, compute the directivity (in dB) using the computer pro- 
gram Directivity of Chapter 2 assuming phasing for 

(a) ordinary end-fire 

(b) Hansen-Woodyard end-fire 

(c) p=1 

Compare with the value obtained using (10-33). 

Repeat the design of Problem 10.22 at a frequency of 500 MHz. 


Design an end-fire right-hand circularly polarized helix having a half-power 

beamwidth of 45°, pitch angle of 13°, and a circumference of 60 cm at a 

frequency of 500 MHz. Determine the 

(a) turns needed 

(b) directivity (in dB) 

(c) axial ratio 

(d) lower and upper frequencies of the bandwidth over which the required 
parameters remain relatively constant 

(e) input impedance at the center frequency and the edges of the band from 
part (d). 


Design a helical antenna with a directivity of 15 dB that is operating in the 

axial mode and whose polarization is nearly circular. The spacing between the 

turns is 49/10. Determine the 

(a) Number of turns. 

(b) Axial ratio, both as an dimensionless quantity and in dB. 

(c) Directivity (in dB) based on Kraus' formula and Tai & Pereira's formula. 
How do they compare with the desired value? 

(d) Progressive phase shifts (in degrees) between the turns to achieve the axial 
mode radiation. 


Design a 10-turn helical antenna so that at the center frequency of 10 GHz, 

the circumference of each turn is 0.95A9. Assuming a pitch angle of 14°, 

determine the 

(a) mode in which the antenna operates 

(b) half-power beamwidth (in degrees) 

(c) directivity (in dB). Compare this answer with what you get using Kraus' 
formula. 


A lossless 10-turn helical antenna with a circumference of one wavelength is 
connected to a 78-ohm coaxial line, and it is used as a transmitting antenna in 
a 500-MHz spacecraft communication system. The spacing between turns is 
Ao/10. The power in the coaxial line from the transmitter is 5 watts. Assuming 
the antenna is lossless: 

(a) What is radiated power? 


(b) If the antenna were isotropic, what would the power density (watts/m?) 
be at a distance of 10 kilometers? 


10.30. 


10.31. 


10.32. 


10.33. 
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(c) What is the power density (in watts/m?) at the same distance when the 
transmitting antenna is the 10-turn helix and the observations are made 
along the maximum of the major lobe? 


(d) If at 10 kilometers along the maximum of the major lobe an identical 
10-turn helix was placed as a receiving antenna, which was polarization- 
matched to the incoming wave, what is the maximum power (in watts) 
that can be received? 


A 20-turn helical antenna operating in the axial mode is used as a transmitting 
antenna in a 500-MHz long distance communication system. The receiving 
antenna is a linearly polarized element. Because the transmitting and receiving 
elements are not matched in polarization, approximately how many dB of 
losses are introduced because of polarization mismatch? 


A Yagi-Uda array of linear elements is used as a TV antenna receiving primar- 
ily channel 8 whose center frequency is 183 MHz. With a regular resonant A/2 
dipole as the feed element in the array, the input impedance is approximately 
68 ohms. The antenna is to be connected to the TV using a “twin-lead” line 
with a characteristic impedance of nearly 300 ohms. At the center frequency 
of 183 MHz 


(a) what should the smallest input impedance of the array be if it is desired 
to maintain a VSWR equal or less than 1.1? 


(b) what is the best way to modify the present feed to meet the desired VSWR 
specifications? Be very specific in explaining why your recommendation 
will accomplish this. 


The input impedance of a Yagi-Uda array design for TV reception using a 
folded dipole as the feed element is 300+ j25. The antenna will be con- 
nected to the TV receiver with a lossless “twin-lead” line with a character- 
istic impedance of 300 ohms. To eliminate the imaginary part of the input 
impedance, a shorted transmission line with a characteristic impedance of 
300 ohms will be connected in parallel to the antenna at the feed points of 
the folded feed dipole element. 

(a) Determine the reactance of the shorted transmission line, which will be 
connected in parallel to the folded dipole at its feed, that will be required 
to accomplish this. 

(b) State whether the reactance of the shorted transmission line in part a is 
inductive or capacitive. 

(c) What is the shortest length (in X) of the shorted transmission line? 


(d) What is the VSWR in the “twin-lead” line from the antenna to the TV 
receiver? 


Evaluate approximately the effect of the spacing between the director and 
driven element in the three-element Yagi-Uda array shown in the accom- 
panying figure. Assume that the far-zone (radiated) field of the antenna is 
given by 


Es = sin O[1 - e ÍT eiki sinô sing — eiT etiksz ane] 
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where s12 is the spacing between the reflector and the driven element, and s23 
is the spacing between the director and the driven element. For this problem, 
set Sj. = 0.24 and let s23 = 0.154, 0.20A, 0.254. 


(a) Generate polar plots of the radiation power patterns in both E- and H- 
planes. Normalize the power pattern to its value for 0 = 2/2, 6 = 7/2. 
Generate two plots, one for E-plane and one for H-plane. 


(b) Compute the front-to-back ratio (FBR) in the E-plane given by 


P (o e T $ = TT ) 
FBR] E—piane = 2 2 
P.lo- m d= a 
k 2- 2 
Reflector Driven element Director 


Leave your answers for both parts in terms of numbers, not dB. 


10.34. Analyze a 27-element Yagi-Uda array, using the computer program Yagi Uda 
of this chapter, having the following specifications: 


N = total number of elements =27 
Number of directors = 25 
Number of reflectors = 1 

Total length of reflector = 0.54 
Total length of feeder = 0.47) 
Total length of each director = 0.406A 
Spacing between reflector and feeder = 0.1254 
Spacing between adjacent directors = 0.34A 
a = radius of wires = 0.003A 


Use 8 modes for each element. Compute the 

(a) far-field E- and H-plane amplitude patterns (in dB). 
(b) directivity of the array (in dB). 

(c) E-plane half-power beamwidth (in degrees). 

(d) H-plane half-power beamwidth (in degrees). 

(e) E-plane front-to-back ratio (in dB). 

(f) H-plane front to back ratio (in dB). 


10.35. Repeat the analysis of Problem 10.34 for a three-element array having the 
following specifications: 


10.36. 


10.37. 
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N = total number of elements =3 
Number of directors =1 
Number of reflectors zT 
Total length of reflector = 0.54 
Total length of feeder = 0.4754 
Total length of director = 0.454 


Spacing between reflector and feeder = 0.24. 
Spacing between feeder and director = 0.164 
a = radius of wires = 0.0054 


Use 8 modes for each element. 


Design a Yagi-Uda array of linear dipoles to cover all the VHF TV channels 
(starting with 54 MHz for channel 2 and ending with 216 MHz for channel 
13. See Appendix IX). Perform the design at fo = 216 MHz. Since the gain 
is not affected appreciably at f < fo, as Figure 10.26 indicates, this design 
should accommodate all frequencies below 216 MHz. The gain of the antenna 
should be 14.4 dB (above isotropic). The elements and the supporting boom 
should be made of aluminum tubing with outside diameters of zin.(~0.95 cm) 
and 3in.(~1.90 cm), respectively. Find the number of elements, their lengths 
and spacings, and the total length of the array (in A, meters, and feet). 


Repeat the design of Problem 10.36 for each of the following: 
(a) VHF-TV channels 2—6 (54-88 MHz. See Appendix IX) 
(b) VHF-TV channels 7-13 (174—216 MHz. See Appendix IX) 


Design a Yagi-Uda antenna to cover the entire FM band of 88-108 MHz 
(100 channels spaced at 200 KHz apart. See Appendix IX). The desired gain 
is 12.35 dB (above isotropic). Perform the design at fy — 108 MHz. The ele- 
ments and the supporting boom should be made of aluminum tubing with 
outside diameters of 2in.(~0.95 cm) and 3in.(~1.90 cm), respectively. Find 
the number of elements, their lengths and spacings, and the total length of the 
array (in A, meters, and feet). 


Design a Yagi-Uda antenna to cover the UHF TV channels (512-806 MHz. 
See Appendix IX). The desired gain is 12.35 dB (above isotropic). Perform 
the design at fọ = 806 MHz. The elements and the supporting boom 
should be made of wire with outside diameters of z in.(~0.2375 cm) and 
x in.(~0.475 cm), respectively. Find the number of elements, their lengths 
and spacings, and the total length of the array (in A, meters, and feet). 
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Frequency Independent Antennas, Antenna 
Miniaturization, and Fractal Antennas 


11.1 INTRODUCTION 


The numerous applications of electromagnetics to the advances of technology have 
necessitated the exploration and utilization of most of the electromagnetic spectrum. 
In addition, the advent of broadband systems have demanded the design of broadband 
radiators. The use of simple, small, lightweight, and economical antennas, designed to 
operate over the entire frequency band of a given system, would be most desirable. 
Although in practice all the desired features and benefits cannot usually be derived 
from a single radiator, most can effectively be accommodated. Previous to the 1950s, 
antennas with broadband pattern and impedance characteristics had bandwidths not 
greater than about 2:1. In the 1950s, a breakthrough in antenna evolution was made 
which extended the bandwidth to as great as 40:1 or more. The antennas introduced by 
the breakthrough were referred to as frequency independent, and they had geometries 
that were specified by angles. These antennas are primarily used in the 10—10,000 MHz 
region in a variety of practical applications such as TV, point-to-point communication, 
feeds for reflectors and lenses, and so forth. 

In antenna scale modeling, characteristics such as impedance, pattern, polarization, 
and so forth, are invariant to a change of the physical size if a similar change is 
also made in the operating frequency or wavelength. For example, if a// the physical 
dimensions are reduced by a factor of two, the performance of the antenna will remain 
unchanged if the operating frequency is increased by a factor of two. In other words, 
the performance is invariant if the electrical dimensions remain unchanged. This is the 
principle on which antenna scale model measurements are made. For a complete and 
thorough discussion of scaling, the reader is referred to Section 17.10 entitled "Scale 
Model Measurements." 

The scaling characteristics of antenna model measurements also indicate that if the 
shape of the antenna were completely specified by angles, its performance would have 
to be independent of frequency [1]. The infinite biconical dipole of Figure 9.1 is one 
such structure. To make infinite structures more practical, the designs usually require 
that the current on the structure decrease with distance away from the input terminals. 
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After a certain point the current is negligible, and the structure beyond that point to 
infinity can be truncated and removed. Practically then the truncated antenna has a 
lower cutoff frequency above which it radiation characteristics are the same as those 
of the infinite structure. The lower cutoff frequency is that for which the current at 
the point of truncation becomes negligible. The upper cutoff is limited to frequencies 
for which the dimensions of the feed transmission line cease to look like a “point” 
(usually about 42/8 where Az is the wavelength at the highest desirable frequency). 
Practical bandwidths are on the order of about 40:1. Even higher ratios (i.e., 1,000:1) 
can be achieved in antenna design but they are not necessary, since they would far 
exceed the bandwidths of receivers and transmitters. 

Even though the shape of the biconical antenna can be completely specified by 
angles, the current on its structure does not diminish with distance away from the 
input terminals, and its pattern does not have a limiting form with frequency. This can 
be seen by examining the current distribution as given by (9-11). It is evident that there 
are phase but no amplitude variations with the radial distance r. Thus the biconical 
structure cannot be truncated to form a frequency independent antenna. In practice, 
however, antenna shapes exist which satisfy the general shape equation, as proposed 
by Rumsey [1], to have frequency independent characteristics in pattern, impedance, 
polarization, and so forth, and with current distribution which diminishes rapidly. 

Rumsey's general equation will first be developed, and it will be used as the unifying 
concept to link the major forms of frequency independent antennas. Classical shapes of 
such antennas include the equiangular geometries of planar and conical spiral structures 
[2]- [4], and the logarithmically periodic structures [5], [6]. 

Fundamental limitations in electrically small antennas will be discussed in Section 
11.5. These will be derived using spherical mode theory, with the antenna enclosed in 
a virtual sphere. Minimum Q curves, which place limits on the achievable bandwidth, 
will be included. Fractal antennas, discussed in Section 11.5, is one class whose design 
is based on this fundamental principle. 


11.2 THEORY 


The analytical treatment of frequency independent antennas presented here parallels 
that introduced by Rumsey [1] and simplified by Elliott [6] for three-dimensional con- 
figurations. 

We begin by assuming that an antenna, whose geometry is best described by the 
spherical coordinates (r, 0, 9), has both terminals infinitely close to the origin and 
each is symmetrically disposed along the 6 = 0, z-axes. It is assumed that the antenna 
is perfectly conducting, it is surrounded by an infinite homogeneous and isotropic 
medium, and its surface or an edge on its surface is described by a curve 


r= F(0,9) (11-1) 


where r represents the distance along the surface or edge. If the antenna is to be scaled 
to a frequency that is K times lower than the original frequency, the antenna’s physical 
surface must be made K times greater to maintain the same electrical dimensions. Thus 
the new surface is described by 


r' = KF(0, ¢) (11-2) 
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The new and old surfaces are identical; that is, not only are they similar but they are 
also congruent (if both surfaces are infinite). Congruence can be established only by 
rotation in $. Translation is not allowed because the terminals of both surfaces are 
at the origin. Rotation in 0 is prohibited because both terminals are symmetrically 
disposed along the 0 = 0, zr-axes. 
For the second antenna to achieve congruence with the first, it must be rotated by 
an angle C so that 
KF(0,9) = F(0, 6 +C) (11-3) 


The angle of rotation C depends on K but neither depends on 0 or $. Physical con- 
gruence implies that the original antenna electrically would behave the same at both 
frequencies. However the radiation pattern will be rotated azimuthally through an angle 
C. For unrestricted values of K(0 « K < oo), the pattern will rotate by C in $ with 
frequency, because C depends on K but its shape will be unaltered. Thus the impedance 
and pattern will be frequency independent. 

To obtain the functional representation of F(0, $), both sides of (11-3) are differ- 
entiated with respect to C to yield 


d IKF pe x ye TED t C)] 
dC á — dC (9) — 36 M 


ð 
= ————— [F 11-4 
0040. (8, + C)] (11-4) 


and with respect to @ to give 


D IKF TEN A ME TC) 
ap PO) = ad | 8$ 9 
ð 
= —————[F 11- 
CEN (60, 6 + C)] (11-5) 
Equating (11-5) to (11-4) yields 
dK || IFO, p) : 
gu aa (11-6) 
Using (11-1) we can write (11-6) as 
Lak dor ae 
KdC rda@¢ 


Since the left side of (11-7) is independent of 6 and $, a general solution for the 
surface r = F(0, $) of the antenna is 


r = F(0,0) =e f (0) (11-8) 
1 dK 
where a= x IC (11-8a) 


and f (0) is a completely arbitrary function. 


614 FREQUENCY INDEPENDENT ANTENNAS, ANTENNA MINIATURIZATION, AND FRACTAL ANTENNAS 


Thus for any antenna to have frequency independent characteristics, its surface must 
be described by (11-8). This can be accomplished by specifying the function f(@) 
or its derivatives. Subsequently, interesting, practical, and extremely useful antenna 
configurations will be introduced whose surfaces are described by (11-8). 


11.3 EQUIANGULAR SPIRAL ANTENNAS 


The equiangular spiral is one geometrical configuration whose surface can be described 
by angles. It thus fulfills all the requirements for shapes that can be used to design 
frequency independent antennas. Since a curve along its surface extends to infinity, it is 
necessary to designate the length of the arm to specify a finite size antenna. The lowest 
frequency of operation occurs when the total arm length is comparable to the wave- 
length [2]. For all frequencies above this, the pattern and impedance characteristics are 
frequency independent. 


11.3.1 Planar Spiral 


The shape of an equiangular plane spiral curve can be derived by letting the derivative 
of f (0) in (11-8) be 
df 


Z =f") = a8 (5-8) (11-9) 


where A is a constant and 6 is the Dirac delta function. Using (11-9) reduces (11-8) to 


Ae"? = poet 9» 6=n/2 
Tlo=n/2 = p= (11-10) 
rH It elsewhere 
where 
A= poe “™ (11-10a) 


In wavelengths, (11-10) can be written as 


= : = <a — AeAld-InQ)/al — Aga (6-0) (11-11) 
where 1 
$i = ze% (11-11a) 


Another form of (11-10) is 


ps “In (=) = tan y In (=) = tan V (In p — In A) (11-12) 


where 1/a is the rate of expansion of the spiral and y is the angle between the radial 
distance p and the tangent to the spiral, as shown in Figure 11.1(a). 

It is evident from (11-11) that changing the wavelength is equivalent to varying 
po which results in nothing more than a pure rotation of the infinite structure pat- 
tern. Within limitations imposed by the arm length, similar characteristics have been 
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(a) Single spiral (b) Two spiral (¢9 = 0, 7) 
(c) Multiple spiral (d) Multiple spiral 
(ġo = 0, 1/2, v, 37/2) ($o = 0, 1/2, 1, 37/2) 


Figure 11.1 Spiral wire antennas. 


observed for finite structures. The same result can be concluded by examining (11-12). 
Increasing the logarithm of the frequency (In f) by Co is equivalent to rotating the 
structure by Co tan Y. As a result, the pattern is merely rotated but otherwise unaltered. 
Thus we have frequency independent antennas. 

The total length L of the spiral can be calculated by 


pı do 2 ue 
B] G (2) + dp (11-13) 
Po dp 


which reduces, using (11-10), to 


1 
L= (pı — poy d+ (11-14) 


where and represent the inner and outer radii of the spiral. 
Various geometrical arrangements of the spiral have been used to form different 
antenna systems. If $o in (11-10) is O and x, the spiral wire antenna takes the form 
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of Figure 11.1(b). The arrangements of Figures 11.1(c) and 11.1(d) are each obtained 
when ġo = 0, 7/2, x, and 37/2. Numerous other combinations are possible. 

An equiangular metallic solid surface, designated as P, can be created by defining 
the curves of its edges, using (11-10), as 


p2 = pre"? (11-15a) 
p = pie"? = pier?) (11-15b) 
where 
ps = p,e ? (11-15c) 
such that 5 
K=2 =e% <1 (11-16) 
p2 


The two curves, which specify the edges of the conducting surface, are of identical 
relative shape with one magnified relative to the other or rotated by an angle ô with 
respect to the other. The magnification or rotation allows the arm of conductor P to 
have a finite width, as shown in Figure 11.2(a). 

The metallic arm of a second conductor, designated as Q, can be defined by 


pa = pye"? cope th (11-17) 

where 
p4 = phe (11-17a) 
ps = pre? = pyet $= = phet 979 (11-18) 

where 
posae. es pp Er (11-182) 


The system composed of the two conducting arms, P and Q, constitutes a balanced 
system, and it is shown in Figure 11.2(a). The finite size of the structure is specified by 
the fixed spiraling length Lo along the centerline of the arm. The entire structure can 
be completely specified by the rotation angle 5, the arm length Lo, the rate of spiral 
l/a, and the terminal size o5. However, it has been found that most characteristics 
can be described adequately by only three; that is, Lo, o5, and K = e~ as given by 
(11-16). In addition each arm is usually tapered at its end, shown by dashed lines in 
Figure 11.2(a), to provide a better matching termination. 

The previous analytical formulations can be used to describe two different anten- 
nas. One antenna would consist of two metallic arms suspended in free-space, as 
shown in Figure 11.2(a), and the other of a spiraling slot on a large conducting 
plane, as shown in Figure 11.2(b). The second is also usually tapered to provide 
better matching termination. The slot antenna is the most practical, because it can 
be conveniently fed by a balanced coaxial arrangement [2] to maintain its overall 
balancing. The antenna in Figure 11.2(a) with ô = 7/2 is self-complementary, as 
defined by Babinet’s principle [8], and its input impedance for an infinite structure 
should be Z; = Ze = 188.5 ~ 60: ohms (for discussion of Babinet’s Principle see 
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(b) Spiral slot 


Figure 11.2 Spiral plate and slot antennas. 


Section 12.8). Experimentally, measured mean input impedances were found to be 
only about 164 ohms. The difference between theory and experiment is attributed to 
the finite arm length, finite thickness of the plate, and nonideal feeding conditions. 
Spiral slot antennas, with good radiation characteristics, can be built with one-half 
to three turns. The most optimum design seems to be that with 1.25 to 1.5 turns with 
an overall length equal to or greater than one wavelength. The rate of expansion should 
not exceed about 10 per turn. The patterns are bidirectional, single lobed, broadside 
(maximum normal to the plane), and must vanish along the directions occupied by 
the infinite structure. The wave is circularly polarized near the axis of the main lobe 
over the usable part of the bandwidth. For a fixed cut, the beamwidth will vary with 
frequency since the pattern rotates. Typical variations are on the order of 10°. In 
general, however, slot antennas with more broad arms and/or more tightly wound spirals 
exhibit smoother and more uniform patterns with smaller variations in beamwidth with 


frequency. For symmetrical structures, the pattern is also symmetrical with no tilt to 
the lobe structure. 
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To maintain the symmetrical characteristics, the antenna must be fed by an electri- 
cally and geometrically balanced line. One method that achieves geometrical balancing 
requires that the coax is embedded into one of the arms of the spiral. To maintain sym- 
metry, a dummy cable is usually placed into the other arm. No appreciable currents 
flow on the feed cables because of the rapid attenuation of the fields along the spiral. If 
the feed line is electrically unbalanced, a balun must be used. This limits the bandwidth 
of the system. 

The polarization of the radiated wave is controlled by the length of the arms. For very 
low frequencies, such that the total arm length is small compared to the wavelength, 
the radiated field is linearly polarized. As the frequency increases, the wave becomes 
elliptically polarized and eventually achieves circular polarization. Since the pattern 
is essentially unaltered through this frequency range, the polarization change with 
frequency can be used as a convenient criterion to select the lower cutoff frequency 
of the usable bandwidth. In many practical cases, this is chosen to be the point where 
the axial ratio is equal or less than 2 to 1, and it occurs typically when the overall arm 
length is about one wavelength. A typical variation in axial ratio of the on-axis field as 
a function of frequency for a one-turn slot antenna is shown in Figure 11.3. The off- 
axis radiated field has nearly circular polarization over a smaller part of the bandwidth. 
In addition to the limitation imposed on the bandwidth by the overall length of the 
arms, another critical factor that can extend or reduce the bandwidth is the construction 
precision of the feed. 

The input impedance of a balanced equiangular slot antenna converges rapidly as 
the frequency is increased, and it remains reasonably constant for frequencies for 
which the arm length is greater than about one wavelength. Measured values for a 
700—2,500 MHz antenna [2] were about 75—100 ohms with VSWR’s of less than 2 
to 1 for 50-ohm lines. 

For slot antennas radiating in free-space, without dielectric material or cavity back- 
ing, typical measured efficiencies are about 9896 for arm lengths equal to or greater 
than one wavelength. Rapid decreases are observed for shorter arms. 


Axial ratio 
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Figure 11.3 On-axis polarization as a function of frequency for one-turn spiral slot. (SOURCE: 
J. D. Dyson, “The Equiangular Spiral Antenna,” JRE Trans. Antennas Propagat., Vol. AP-7, 
pp. 181—187, April 1959. © (1959) IEEE). 
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11.3.2 Conical Spiral 
The shape of a nonplanar spiral can be described by defining the derivative of f(0) 


to be E 
of _ fO) = ABB — 8) (11-19) 
d0 
in which £ is allowed to take any value in the range 0 < f < x. For a given value of 
B, (11-19) in conjunction with (11-8) describes a spiral wrapped on a conical surface. 
The edges of one conical spiral surface are defined by 


ry = rene = rhe? (11-20a) 
n= rie" sin Oop __ rie sin 09($—6) (11-20b) 

where 
jj cone ore (11-20c) 


and 6p is half of the total included cone angle. Larger values of 6) in 0 < 0 < 7/2 rep- 
resent less tightly wound spirals. These equations correspond to (11-15a)—(11-15c) for 
the planar surface. The second arm of a balanced system can be defined by shifting each 
of (11-20a)—(11-20c) by 180°, as was done for the planar surface by (11-17)—(11-18a). 
A conical spiral metal strip antenna of elliptical polarization is shown in Figure 11.4. 

The conducting conical spiral surface can be constructed conveniently by forming, 
using printed-circuit techniques, the conical arms on the dielectric cone which is also 
used as a support. The feed cable can be bonded to the metal arms which are wrapped 
around the cone. Symmetry can be preserved by observing the same precautions, like 
the use of a dummy cable, as was done for the planar surface. 

A distinct difference between the planar and conical spirals is that the latter pro- 
vides unidirectional radiation (single lobe) toward the apex of the cone with the 
maximum along the axis. Circular polarization and relatively constant impedances 
are preserved over large bandwidths. Smoother patterns have been observed for uni- 
directional designs. Conical spirals can be used in conjunction with a ground plane, 
with a reduction in bandwidth when they are flush mounted on the plane. 


11.4 LOG-PERIODIC ANTENNAS 


Another type of an antenna configuration, which closely parallels the frequency inde- 
pendent concept, is the log-periodic structure introduced by DuHamel and Isbell [4]. 
Because the entire shape of it cannot be solely specified by angles, it is not truly 
frequency independent. 


11.4.4 Planar and Wire Surfaces 


A planar log-periodic structure is shown in Figure 11.5(a). It consists of a metal strip 
whose edges are specified by the angle w/2. However, in order to specify the length 
from the origin to any point on the structure, a distance characteristic must be included. 
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Figure 11.4 Conical spiral metal strip antenna. (source: Antennas, Antenna Masts and Mount- 
ing Adaptors, American Electronic Laboratories, Inc., Lansdale, Pa., Catalog 7.5M-7-79. Cour- 
tesy of American Electronic Laboratories, Inc., Montgomeryville, PA 18936 USA). 
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(b) Log-periodic metal strip antenna ~ 


Figure 11.5 Typical metal strip log-periodic configuration and antenna structure. 
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In spherical coordinates (r, 0, @) the shape of the structure can be written as 


0 = periodic function of [b In(r)] (11-21) 


0 = 6, sin |^ in (2)] (11-22) 
ro 


It is evident from (11-22) that the values of 0 are repeated whenever the logarithm 
of the radial frequency In(w) = In(2zx f) differs by 27/b. The performance of the 
system is then periodic as a function of the logarithm of the frequency; thus the name 
logarithmic-periodic or log-periodic. 

A typical log-periodic antenna configuration is shown in Figure 11.5(b). It consists 
of two coplanar arms of the Figure 11.5(a) geometry. The pattern is unidirectional 
toward the apex of the cone formed by the two arms, and it is linearly polarized. 
Although the patterns of this and other log-periodic structures are not completely 
frequency independent, the amplitude variations of certain designs are very slight. 
Thus practically they are frequency independent. 

Log-periodic wire antennas were introduced by DuHamel [4]. While investigat- 
ing the current distribution on log-periodic surface structures of the form shown in 
Figure 11.6(a), he discovered that the fields on the conductors attenuated very sharply 
with distance. This suggested that perhaps there was a strong current concentration at 
or near the edges of the conductors. Thus removing part of the inner surface to form a 
wire antenna as shown in Figure 11.6(b) should not seriously degrade the performance 
of the antenna. To verify this, a wire antenna, with geometrical shape identical to the 
pattern formed by the edges of the conducting surface, was built and it was investigated 


An example of it would be 


(a) Planar (b) Wire 


Figure 11.6 Planar and wire logarithmically periodic antennas. 
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(a) Planar (b) Wire 


Figure 11.7 Planar and wire trapezoidal toothed log-periodic antennas. 


experimentally. As predicted, it was found that the performance of this antenna was 
almost identical to that of Figure 11.6(a); thus the discovery of a much simpler, lighter 
in weight, cheaper, and less wind resistant antenna. Nonplanar geometries in the form 
of a V, formed by bending one arm relative to the other, are also widely used. 

If the wires or the edges of the plates are linear (instead of curved), the geometries 
of Figure 11.6 reduce, respectively, to the trapezoidal tooth log-periodic structures of 
Figure 11.7. These simplifications result in more convenient fabrication geometries 
with basically no loss in operational performance. There are numerous other bizarre 
but practical configurations of log-periodic structures, including log-periodic arrays. 

If the geometries of Figure 11.6 use uniform periodic teeth, we define the geometric 
ratio of the log-periodic structure by 


= 11-23 
T e = 
Ravi ( ) 
and the width of the antenna slot by 
x= (11-24) 


The geometric ratio t of (11-23) defines the period of operation. For example, if two 
frequencies fı and f, are one period apart, they are related to the geometric ratio t by 


(11-25) 
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Figure 11.8 Linearly polarized flush-mounted cavity-backed log-periodic slot antenna and typ- 
ical gain characteristics. (source: Antennas, Antenna Masts and Mounting Adaptors, American 
Electronic Laboratories, Inc., Lansdale, Pa., Catalog 7.5M-7-79. Courtesy of American Elec- 
tronic Laboratories, Inc., Montgomeryville, PA 18936 USA). 


Extensive studies on the performance of the antenna of Figure 11.6(b) as a function 
of a, B, x, and x, have been performed [9]. In general, these structures performed 
almost as well as the planar and conical structures. The only major difference is that 
the log-periodic configurations are linearly polarized instead of circular. 

A commercial lightweight, cavity-backed, linearly polarized, flush-mounted log- 
periodic slot antenna and its associated gain characteristics are shown in Figures 11.8(a) 
and (b). Typical electrical characteristics are: VSWR—2:1; E-plane beamwidth— 
70°; H-plane beamwidth—70°. The maximum diameter of the cavity is about 2.4 
in. (6.1 cm), the depth is 1.75 in. (4.445 cm), and the weight is near 5 oz (0.14 kg). 


11.4.2 Dipole Array 


To the layman, the most recognized log-periodic antenna structure is the configuration 
introduced by Isbell [5] which is shown in Figure 11.9(a). It consists of a sequence of 
side-by-side parallel linear dipoles forming a coplanar array. Although this antenna has 
slightly smaller directivities than the Yagi-Uda array (7-12 dB), they are achievable 
and maintained over much wider bandwidths. There are, however, major differences 
between them. 

While the geometrical dimensions of the Yagi-Uda array elements do not follow 
any set pattern, the lengths (J,,’s), spacings (R,,’s), diameters (d,,’s), and even gap 
spacings at dipole centers (s,s) of the log-periodic array increase logarithmically as 
defined by the inverse of the geometric ratio t. That is, 


Ing R Rag 


psc t I (11-26) 
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(a) Dipole array 


(b) Straight connection 


(c) Crisscross connection 


(d) Coaxial connection 


Figure 11.9 Log-periodic dipole array and associated connections. 
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Another parameter that is usually associated with a log-periodic dipole array is the 
spacing factor o defined by 


R, Ti R, 
pa (11-26a) 
n+ 


Straight lines through the dipole ends meet to form an angle 2o which is a characteristic 
of frequency independent structures. 

Because it is usually very difficult to obtain wires or tubing of many different diame- 
ters and to maintain tolerances of very small gap spacings, constant dimensions in these 
can be used. These relatively minor factors will not sufficiently degrade the overall 
performance. 

While only one element of the Yagi-Uda array is directly energized by the feed 
line, while the others operate in a parasitic mode, all the elements of the log-periodic 
array are connected. There are two basic methods, as shown in Figures 11.9(b) and 
11.9(c), which could be used to connect and feed the elements of a log-periodic dipole 
array. In both cases the antenna is fed at the small end of the structure. 

The currents in the elements of Figure 11.9(b) have the same phase relationship as 
the terminal phases. If in addition the elements are closely spaced, the phase progression 
of the currents is to the right. This produces an end-fire beam in the direction of the 
longer elements and interference effects to the pattern result. 

It was recognized that by mechanically crisscrossing or transposing the feed between 
adjacent elements, as shown in Figure 11.9(c), a 180^ phase is added to the terminal 
of each element. Since the phase between the adjacent closely spaced short elements is 
almost in opposition, very little energy is radiated by them and their interference effects 
are negligible. However, at the same time, the longer and larger spaced elements radiate. 
The mechanical phase reversal between these elements produces a phase progression 
so that the energy is beamed end fire in the direction of the shorter elements. The 
most active elements for this feed arrangement are those that are near resonant with a 
combined radiation pattern toward the vertex of the array. 

The feed arrangement of Figure 11.9(c) is convenient provided the input feed line is 
a balanced line like the two-conductor transmission line. Using a coaxial cable as a feed 
line, a practical method to achieve the 180^ phase reversal between adjacent elements 
is shown in Figure 11.9(d). This feed arrangement provides a built-in broadband balun 
resulting in a balanced overall system. The elements and the feeder line of this array are 
usually made of piping. The coaxial cable is brought to the feed through the hollow part 
of one of the feeder-line pipes. While the outside conductor of the coax is connected 
to that conductor at the feed, its inner conductor is extended and it is connected to the 
other pipe of the feeder line. 

If the geometrical pattern of the log-periodic array, as defined by (11-26), is to 
be maintained to achieve a truly log-periodic configuration, an infinite structure would 
result. However, to be useful as a practical broadband radiator, the structure is truncated 
at both ends. This limits the frequency of operation to a given bandwidth. 

The cutoff frequencies of the truncated structure can be determined by the elec- 
trical lengths of the longest and shortest elements of the structure. The lower cutoff 
frequency occurs approximately when the longest element is 4/2; however, the high 
cutoff frequency occurs when the shortest element is nearly 4/2 only when the active 
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region is very narrow. Usually it extends beyond that element. The active region of 
the log-periodic dipole array is near the elements whose lengths are nearly or slightly 
smaller than 2/2. The role of active elements is passed from the longer to the shorter 
elements as the frequency increases. Also the energy from the shorter active elements 
traveling toward the longer inactive elements decreases very rapidly so that a negligible 
amount is reflected from the truncated end. The movement of the active region of the 
antenna, and its associated phase center, is an undesirable characteristic in the design 
of feeds for reflector antennas (see Chapter 15). For this reason, log-periodic arrays 
are not widely used as feeds for reflectors. 

The decrease of energy toward the longer inactive elements is demonstrated in 
Figure 11.10(a). The curves represent typical computed and measured transmission- 
line voltages (amplitude and phase) on a log-periodic dipole array [10] as a function 
of distance from its apex. These are feeder-line voltages at the base of the elements 
of an array with t = 0.95, o = 0.0564, N = 13, and I,/d, = 177. The frequency 
of operation is such that element No. 10 is 4/2. The amplitude voltage is nearly 
constant from the first (the feed) to the eighth element while the corresponding phase is 
uniformly progressive. Very rapid decreases in amplitude and nonlinear phase variations 
are noted beyond the eighth element. 

The region of constant voltage along the structure is referred to as the transmission 
region, because it resembles that of a matched transmission line. Along the structure, 
there is about 150^ phase change for every 4/4 free-space length of transmission line. 
This indicates that the phase velocity of the wave traveling along the structure is 
Up = 0.6v9, where vp is the free-space velocity. The smaller velocity results from the 
shunt capacitive loading of the line by the smaller elements. The loading is almost 
constant per unit length because there are larger spacings between the longer elements. 

The corresponding current distribution is shown in Figure 11.10(b). It is noted that 
the rapid decrease in voltage is associated with strong current excitation of elements 
7—10 followed by a rapid decline. The region of high current excitation is designated 
as the active region, and it encompasses 4 to 5 elements for this design. The voltage 
and current excitations of the longer elements (beyond the ninth) are relatively small, 
reassuring that the truncated larger end of the structure is not affecting the perfor- 
mance. The smaller elements, because of their length, are not excited effectively. As 
the frequency changes, the relative voltage and current patterns remain essentially the 
same, but they move toward the direction of the active region. 

There is a linear increase in current phase, especially in the active region, from the 
shorter to the longer elements. This phase shift progression is opposite in direction to 
that of an unloaded line. It suggests that on the log-periodic antenna structure there is 
a wave that travels toward the feed forming a unidirectional end-fire pattern toward 
the vertex. 

The radiated wave of a single log-periodic dipole array is linearly polarized, and 
it has horizontal polarization when the plane of the antenna is parallel to the ground. 
Bidirectional patterns and circular polarization can be obtained by phasing multiple log- 
periodic dipole arrays. For these, the overall effective phase center can be maintained 
at the feed. 

If the input impedance of a log-periodic antenna is plotted as a function of frequency, 
it will be repetitive. However, if it is plotted as a function of the logarithm of the 
frequency, it will be periodic (not necessarily sinusoidal) with each cycle being exactly 
identical to the preceding one. Hence the name log-periodic, because the variations 
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Figure 11.10 Measured and computed voltage and current distributions on a log-periodic dipole array of 13 elements with frequency such that lio = 4/2. 
(source: R. L. Carrel, “Analysis and Design of the Log-Periodic Dipole Antenna,” Ph.D. Dissertation, Elec. Eng. Dept., University of Illinois, 1961, 
University Microfilms, Inc., Ann Arbor, Michigan). 
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Figure 11.11 Typical input impedance variation of a log-periodic antenna as a function of the 
logarithm of the frequency. 


are periodic with respect to the logarithm of the frequency. A typical variation of the 
impedance as a function of frequency is shown in Figure 11.11. Other parameters that 
undergo similar variations are the pattern, directivity, beamwidth, and side lobe level. 

The periodicity of the structure does not ensure broadband operation. However, if 
the variations of the impedance, pattern, directivity, and so forth within one cycle 
are made sufficiently small and acceptable for the corresponding bandwidth of the 
cycle, broadband characteristics are ensured within acceptable limits of variation. The 
total bandwidth is determined by the number of repetitive cycles for the given trun- 
cated structure. 

The relative frequency span A of each cycle is determined by the geometric ratio 
as defined by (11-25) and (11-26).* Taking the logarithm of both sides in (11-25) 
reduces to 

A = In(f5) — In(f1) = In (+) (11-27) 
The variations that occur within a given cycle (f| < f < fo = fi/t) will repeat 
identically at other cycles of the bandwidth defined by fi/r"^! < f < fi/t", n= 
1,2:3;. 

Typical designs of log-periodic dipole arrays have apex half angles of 10° < a < 45° 
and 0.95 > t > 0.7. There is a relation between the values of œ and t. As o increases, 
the corresponding r values decrease, and vice versa. Larger values of o or smaller 
values of t result in more compact designs which require smaller number of elements 
separated by larger distances. In contrast, smaller values of o or larger values of c 
require a larger number of elements that are closer together. For this type of a design, 
there are more elements in the active region which are nearly 1/2. Therefore the varia- 
tions of the impedance and other characteristics as a function of frequency are smaller, 
because of the smoother transition between the elements, and the gains are larger. 

Experimental models of log-periodic dipole arrays have been built and measurements 
were made [6]. The input impedances (purely resistive) and corresponding directivities 


*In some cases, the impedance (but not the pattern) may vary with a period which is one-half of (11-27). 
That is, A = 4 In(1/r). 
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TABLE 11.1 Input Resistances (R;,, in ohms) and Directivities (dB above isotropic) for 
Log-Periodic Dipole Arrays 


t=0.81 t = 0.89 t= 0.95 


(SOURCE: D. E. Isbell, “Log Periodic Dipole Arrays,” JRE Trans. Antennas Propagat., Vol. AP-8, 
pp. 260—267, May 1960. © (1960) IEEE.) 


(above isotropic) for three different designs are listed in Table 11.1. Larger directivi- 
ties can be achieved by arraying multiple log-periodic dipole arrays. There are other 
configurations of log-periodic dipole array designs, including those with V instead of 
linear elements [11]. This array provides moderate bandwidths with good directivities 
at the higher frequencies, and it is widely used as a single TV antenna covering the 
entire frequency spectrum from the lowest VHF channel (54 MHz) to the highest UHF 
(806 MHz). Typical gain, VSWR, and E- and H-plane half-power beamwidths of com- 
mercial log-periodic dipole arrays are shown in Figures 11.12(a), (b), (c), respectively. 
The overall length of each of these antennas is about 105 in. (266.70 cm) while the 
largest element in each has an overall length of about 122 in. (309.88 cm). The weight 
of each antenna is about 31 lb (+14 kg). 


11.4.8 Design of Dipole Array 


The ultimate goal of any antenna configuration is the design that meets certain specifi- 
cations. Probably the most introductory, complete, and practical design procedure for 
a log-periodic dipole array is that by Carrel [10]. To aid in the design, he has a set of 
curves and nomographs. The general configuration of a log-periodic array is described 
in terms of the design parameters t, o, and o related by 


1 
: | (11-28) 
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Figure 11.12 Typical gain, VSWR, and half-power beamwidth of commercial log-periodic 
dipole arrays. (source: Antennas, Antenna Masts and Mounting Adaptors, American Electronic 
Laboratories, Inc., Lansdale, Pa., Catalog 7.5M-7-79. Courtesy of American Electronic Labora- 
tories, Inc., Montgomeryville, PA 18936 USA). 
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Figure 11.13 Computed contours of constant directivity versus o and r for log-periodic dipole 
arrays. (souRCcE: R. L. Carrel, “Analysis and Design of the Log-Periodic Dipole Antenna,” Ph.D. 
Dissertation, Elec. Eng. Dept., University of Illinois, 1961, University Microfilms, Inc., Ann 
Arbor Michigan). Note: The initial curves led to designs whose directivities are 1—2 dB too 
high. They have been reduced by an average of | dB (see P. C. Butson and G. T. Thompson, “A 
Note on the Calculation of the Gain of Log-Periodic Dipole Antennas," JEEE Trans. Antennas 
Propagat., AP-24, pp. 105—106, January 1976). 


Once two of them are specified, the other can be found. Directivity (in dB) contour 
curves as a function of t for various values of o are shown in Figure 11.13. 

The original directivity contour curves in [10] are in error because the expression 
for the E-plane field pattern in [10] is in error. To correct the error, the leading sin(0) 
function in front of the summation sign of equation 47 in [10] should be in the denom- 
inator and not in the numerator [i.e., replace sin by 1/sin(0)] [12]. The influence 
of this error in the contours of Figure 11.13 is variable and leads to 1—2 dB higher 
directivities. However it has been suggested that, as an average, the directivity of each 
original contour curve be reduced by about 1 dB. This has been implemented already, 
and the curves in Figure 11.13 are more accurate as they now appear. 


A. Design Equations 
In this section a number of equations will be introduced that can be used to design a 
log-periodic dipole array. 

While the bandwidth of the system determines the lengths of the shortest and longest 
elements of the structure, the width of the active region depends on the specific design. 
Carrel [10] has introduced a semiempirical equation to calculate the bandwidth of the 
active region Bar related to o and t by 


By = 1.1 3- 7.7(1 — 1 cota (11-29) 
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In practice a slightly larger bandwidth (B,) is usually designed than that which is 
required (B). The two are related by 


B, = BBa = B[1.14- 7.7(1 — x)? cota] (11-30) 
where 


DB, = designed bandwidth 
B — desired bandwidth 
Bar = active region bandwidth 


The total length of the structure L, from the shortest (lmin) to the longest (Imax) 
element, is given by 


Amax I 
L= 1-— t 11-31 
1 ( SE a (11-31) 
where 
Amax = 2lmax = = (11-31a) 
Simin 


From the geometry of the system, the number of elements are determined by 


In(B;) 


N=1+ PCE (11-32) 


The center-to-center spacing s of the feeder-line conductors can be determined by 
specifying the required input impedance (assumed to be real), and the diameter of the 
dipole elements and the feeder-line conductors. To accomplish this, we first define an 
average characteristic impedance of the elements given by 


ln 
Za = 120 L (2) - 2.25] (11-33) 


where /,/d, is the length-to-diameter ratio of the nth element of the array. For an 
ideal log-periodic design, this ratio should be the same for all the elements of the 
array. Practically, however, the elements are usually divided into one, two, three, or 
more groups with all the elements in each group having the same diameter but not 
the same length. The number of groups is determined by the total number of elements 
of the array. Usually three groups (for the small, middle, and large elements) should 
be sufficient. 

The effective loading of the dipole elements on the input line is characterized by 
the graphs shown in Figure 11.14 where 
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Figure 11.14 Relative characteristic impedance of a feeder line as a function of relative char- 
acteristic impedance of dipole element. (source: R. L. Carrel, “Analysis and Design of the 
Log-Periodic Dipole Antenna," Ph.D. Dissertation, Elec. Eng. Dept., University of Illinois, 1961, 
University Microfilms, Inc., Ann Arbor, Michigan). 


o’ = o/,/t = relative mean spacing 

Za = average characteristic impedance of the elements 
Rin = input impedance (real) 

Zo = characteristic impedance of the feeder line 


The center-to-center spacing s between the two rods of the feeder line, each of 
identical diameter d, is determined by 


s = d cosh (=) (11-34) 


B. Design Procedure 

A design procedure is outlined here, based on the equations introduced above and 
in the previous page, and assumes that the directivity (in dB), input impedance Rin 
(real), diameter of elements of feeder line (d), and the lower and upper frequencies 
(B = fmax/ fmin) of the bandwidth are specified. It then proceeds as follows: 


Given Do (dB), determine o and t from Figure 11.13. 
Determine o using (11-28). 

Determine B,, using (11-29) and B, using (11-30). 

. Find L using (11-31) and N using (11-32). 

. Determine Z, using (11-33) and o’ = o/ Ar. 

. Determine Zo/ Rj, using Figure 11.14. 

. Find s using (11-34). 
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Example 11.1 


Design a log-periodic dipole antenna, of the form shown in Figure 11.9(d), to cover all 
the VHF TV channels (starting with 54 MHz for channel 2 and ending with 216 MHz for 
channel 13. See Appendix IX.) The desired directivity is 8 dB and the input impedance 
is 50 ohms (ideal for a match to 50-ohm coaxial cable). The elements should be made of 
aluminum tubing with i in. (1.9 cm) outside diameter for the largest element and the feeder 
line and = in. (0.48 cm) for the smallest element. These diameters yield identical //d ratios 
for the smallest and largest elements. 
Solution: 


1. From Figure 11.13, for Do = 8 dB the optimum o is o = 0.157 and the 
corresponding r is tT = 0.865. 
2. Using (11-28) 


1 — 0.865 


aœ = tan™! e— 
4(0.157) 


| = 21 a pas 
3. Using (11-29) 
Bar = 1.1 + 7.7(1 — 0.865)° cot(12.13°) = 1.753 
and from (11-30) 
By S13 = 1.753) = 4(1.753) = 7.01 


4. Using (11-31a) 


1 8 
E E 
Simin 54 x 10° 
From (11-31) 
; 1 
LZ 2979 1 — — | cot(12.13^) = 5.541 m (18.178 ft) 
4 7.01 
and from (11-32) 
In(7.01) 


———— — = 14.43 (14 or 15 elements) 
In(1/0.865) 


5. o! o 0.157 0.169 
. 0 = — = = 
vT /0.865 
At the lowest frequency 
pue E 
2 2 


lans: DC 9.1135(12) — 145.816 
Lc 0.75 
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Using (11-33) 
Za = 120[In(145.816) — 2.25] = 327.88 ohms 


Thus 


Z, 32788 


= 6.558 
Rin 50 


6. From Figure 11.14 
Zo = 1.2Rin = 1.2(50) = 60 ohms 


7. Using (11-34), assuming the feeder line conductor is made of the same size 
tubing as the largest element of the array, the center-to-center spacing of the 
feeder conductors is 


ae h oe = 0.846 ~ 0.85 in 
ae Boe ; 


which allows for a 0.1-in. separation between their conducting surfaces. 


For such a high-gain antenna, this is obviously a good practical design. If a lower 
gain is specified and designed for, a smaller length will result. 

A commercial log-periodic dipole antenna of 21 elements is shown in Figure 11.15. 
The antenna is designed to operate in the 100—1,100 MHz with a gain of about 6 dBi, 


Figure 11.15 Commercial log-periodic dipole antenna of 21 elements. (Courtesy: Antenna 
Research Associates, Inc., Beltsville, MD). 
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a VSWR (to a 50-ohm line) of 2:1 maximum, a front-to-back ratio of about 20 dB, 
and with typical half-power beamwidths of about: E-plane (75°) and H-plane (120°). 


C. Design and Analysis Computer Program 

A computer program Log-Periodic Dipole Array (log_perd) has been developed in 
FORTRAN and translated in MATLAB, based primarily on the design equations of 
(11-28)-(11-34), and Figures 11.13 and 11.14, to design a log-periodic dipole array 
whose geometry is shown in Figure 11.9(a). Although most of the program is based 
on the same design equations as outlined in the design subsection, this program takes 
into account more design specifications than those included in the previous design 
procedure, and it is more elaborate. Once the design is completed, the computer pro- 
gram can be used to analyze the design of the antenna. The description is found in 
the computer disc available with this book. The program has been developed based on 
input specifications, which are listed in the program. It can be used as a design tool 
to determine the geometry of the array (including the number of elements and their 
corresponding lengths, diameters, and positions) along with the radiation characteris- 
tics of the array (including input impedance, VSWR, directivity, front-to-back ratio, 
E- and H-plane patterns, etc.) based on desired specifications. The input data includes 
the desired directivity, lower and upper frequency of the operating band, length-to- 
diameter ratio of the elements, characteristic impedance of the input transmission line, 
desired input impedance, termination (load) impedance, etc. These and others are listed 
in the program included in the CD. 

The program assumes that the current distribution on each antenna element is sinu- 
soidal. This approximation would be very accurate if the elements were very far from 
each other. However, in the active region the elements are usually separated by a 
distance of about 0.14 when a = 15° and t = 0.9. Referring to Figure 8.21, one can 
see that two A/2 dipoles separated by 0.14 have a mutual impedance (almost real) 
of about 70 ohms. If this mutual impedance is high compared to the resistance of 
the transmission line (not the characteristic impedance), then the primary method of 
coupling energy to each antenna will be through the transmission line. If the mutual 
impedance is high compared to the self-impedance of each element, then the effect 
on the radiation pattern should be small. In practice, this is usually the case, and the 
approximation is relatively good. However, an integral equation formulation with a 
Moment Method numerical solution would be more accurate. The program uses (8- 
60a) for the self-resistance and (8-60b) for the self-reactance. It uses (8-68) for the 
mutual impedance, which for the side-by-side configuration reduces to the sine and 
cosine integrals in [13], similar in form to (8-71a)—(8-7le) for the / = 2/2 dipole. 

The geometry of the designed log-periodic dipole array is that of Figure 11.9, 
except that the program also allows for an input transmission line (connected to 
the first/shortest element), a termination transmission line (extending beyond the last/ 
longest element), and a termination (load) impedance. The length of the input trans- 
mission line changes the phase of computed data (such as voltage, current, reflection 
coefficient, etc.) while its characteristic impedance is used to calculate the VSWR, 
which in turn affects the input impedance measured at the source. The voltages and 
currents are found based on the admittance method of Kyle [14]. The termination trans- 
mission line and the termination (load) impedance allow for the insertion of a matching 
section whose primary purpose is to absorb any energy which manages to continue 
past the active region. Without the termination (load) impedance, this energy would be 
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reflected along the transmission line back into the active region where it would affect 
the radiation characteristics of the array design and performance. 

In designing the array, the user has the choice to select ø and t (but not the direc- 
tivity) or to select the directivity (but not ø and r). In the latter case, the program finds 
o and t by assuming an optimum design as defined by the dashed line of Figure 11.13. 
For the geometry of the array, the program assumes that the elements are placed along 
the z-axis (with the shortest at z = 0 and the longest along the positive z-axis). Each lin- 
ear element of the array is directed along the y-axis (1.e., the array lies on the yz-plane). 
The angle 0 is measured from the z axis toward the xy-plane while angle ¢ is measured 
from the x-axis (which is normal to the plane of the array) toward the y-axis along 
the xy-plane. The E-plane of the array is the yz-plane (¢ = 90°, 270°; 0° < 6 < 180°) 
while the H-plane is the xz-plane ($ = 0°, 180°;0° < 0 < 180°). 


11.5 FUNDAMENTAL LIMITS OF ELECTRICALLY SMALL ANTENNAS 


In all areas of electrical engineering, especially in electronic devices and computers, the 
attention has been shifted toward miniaturization. Electromagnetics, and antennas in 
particular, are of no exception. A large emphasis in the last few years has been placed 
toward electrically small antennas, including printed board designs. However, there 
are fundamental limits as to how small the antenna elements can be made. The basic 
limitations are imposed by the free-space wavelength to which the antenna element 
must couple to, which has not been or is expected to be miniaturized [15]. 

An excellent paper on the fundamental limits in antennas has been published [15], 
and revisited in [16], and most of the material in this section is drawn from [15]. 
It reviews the limits of electrically small, superdirective, super-resolution, and high- 
gain antennas. The limits on electrically small antennas are derived by assuming that 
the entire antenna structure (with a largest linear dimension of 2r), and its trans- 
mission line and oscillator are all enclosed within a sphere of radius r as shown in 
Figure 11.16(a). Because of the arbitrary current or source distribution of the antenna 
inside the sphere, its radiated field outside the sphere is expressed as a complete set 
of orthogonal spherical vector waves or modes. For vertically polarized omnidirec- 
tional antennas, only TM, circularly symmetric (no azimuthal variations) modes are 
required. Each mode is used to represent a spherical wave which propagates in the 
outward radial direction. This approach was introduced first by Chu [17], and it was 
followed by Harrington [18]. Earlier papers on the fundamental limitations and perfor- 
mance of small antennas were published by Wheeler [19], [20]. He derived the limits 
of a small dipole and a small loop (used as a magnetic dipole) from the limitations of 
a capacitor and an inductor, respectively. The capacitor and inductor were chosen to 
occupy, respectively, volumes equal to those of the dipole and the loop. 

Using the mathematical formulation introduced by Chu [17], the source or current 
distribution of the antenna system inside the sphere is not uniquely determined by 
the field distribution outside the sphere. Since it is possible to determine an infinite 
number of different source or current distributions inside the sphere, for a given field 
configuration outside the sphere, Chu [17] confined his interest to the most favorable 
source distribution and its corresponding antenna structure that could exist within the 
sphere. This approach was taken to minimize the details and to simplify the task of 
identifying the antenna structure. It was also assumed that the desired current or source 


638 FREQUENCY INDEPENDENT ANTENNAS, ANTENNA MINIATURIZATION, AND FRACTAL ANTENNAS 


Antenna 
structure 
4 iJ 
ee w x 
"4 N M 
/ \ Coupling \ 
I À network | 
| Input got Me | Input representing | 
\ l antenna | 
\ / structure 
\ / 
/ 
N es ee 
ee we 
(a) Biconical antenna within a sphere 
(after C. J. Chu [13]) 


(b) Equivalent network of a vertically-polarized 
omnidirectional antenna (after C. J. Chu [13]) 


Cy 


(c) Equivalent circuit for N spherical modes 


Figure 11.16 Antenna within a sphere of radius r, and its equivalent circuit modeling. 
(source: C. J. Chu, “Physical Limitations of Omnidirectional Antennas," J. Appl. Phys., Vol. 
19, pp. 1163-1175, December 1948). 


distribution minimizes the amount of energy stored inside the sphere so that the input 
impedance at a given frequency is resistive. 

Because the spherical wave modes outside the sphere are orthogonal, the total energy 
(electric or magnetic) outside the sphere and the complex power transmitted across 
the closed spherical surface are equal, respectively, to the sum of the energies and 
complex powers associated with each corresponding spherical mode. Therefore there 
is no coupling, in energy or power, between any two modes outside the sphere. As 
a result, the space outside the sphere can be replaced by a number of independent 
equivalent circuits as shown in Figure 11.16(b). The number of equivalent circuits 
is equal to the number of spherical wave modes outside the sphere, plus one. The 
terminals of each equivalent circuit are connected to a box which represents the inside 
of the sphere, and from inside the box a pair of terminals are drawn to represent the 
input terminals. Using this procedure, the antenna space problem has been reduced to 
one of equivalent circuits. 

The radiated power of the antenna is calculated from the propagating modes while 
all modes contribute to the reactive power. When the sphere (which encloses the 
antenna element) becomes very small, there exist no propagating modes. Therefore the 
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Q of the system becomes very large since all modes are evanescent (below cutoff) 
and contribute very little power. However, unlike closed waveguides, each evanescent 
mode here has a real part (even though it is very small). 

For a lossless antenna (radiation efficiency e.g = 100%), the equivalent circuit of 
each spherical mode is a single network section with a series C and a shunt L. The 
total circuit is a ladder network of L — C sections (one for each mode) with a final 
shunt resistive load, as shown in Figure 11.16(c). The resistive load is used to represent 
the normalized antenna radiation resistance. 

From this circuit structure, the input impedance is found. The Q of each mode 
is formed by the ratio of its stored to its radiated energy. When several modes are 
supported, the Q is formed from the contributions of all the modes. 

It has been shown that the higher order modes within a sphere of radius r become 
evanescent when kr < 1. Therefore the Q of the system, for the lowest order TM 
mode, reduces to [15], [16] 


14-2(r «i 1 


Q= 


Sr ^ p» ota 


When two modes are excited, one TE and the other TM, the values of Q are halved. 
Equation (11-35), which relates the lowest achievable Q to the largest linear dimension 
of an electrically small antenna, is independent of the geometrical configuration of the 
antenna within the sphere of radius r. The shape of the radiating element within 
the bounds of the sphere only determines whether TE, TM, or TE and TM modes 
are excited. Therefore (11-35) represents the fundamental limit on the electrical size 
of an antenna. In practice, this limit is only approached but is never exceeded or 
even equaled. 

The losses of an antenna can be taken into account by including a loss resis- 
tance in series with the radiation resistance, as shown by the equivalent circuits of 
Figures 2.27(b) and 2.28(b). This influences the Q of the system and the antenna 
radiation efficiency as given by (2-90). 

Computed values of Q versus kr for idealized antennas enclosed within a sphere 
of radius r, and with radiation efficiencies of e.g = 100, 50, 10, and 5, are shown 
plotted in Figure 11.17. These curves represent the minimum values of Q that can be 
obtained from an antenna whose structure can be enclosed within a sphere of radius r 
and whose radiated field, outside the sphere, can be represented by a single spherical 
wave mode. 

For antennas with equivalent circuits of fixed values, the fractional bandwidth is 
related to the Q of the system by 

: . Af 1 
fractional bandwidth = FBW = A = Q (11-36) 
0 


where 


fo — center frequency 
Af = bandwidth 


The relationship of (11-36) is valid for Q >> 1 since the equivalent resonant circuit 
with fixed values is a good approximation for an antenna. For values of Q « 2, (11-36) 
is not accurate. 
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Figure 11.17 Fundamental limits of Q versus antenna size (enclosed within a sphere of radius 
r) for single-mode antennas of various radiation efficiencies. (source: R. C. Hansen, “Funda- 
mental Limitations in Antennas," Proc. IEEE, Vol. 69, No. 2, February 1981. O (1981) IEEE). 


To compare the results of the minimum Q curves of Figure 11.17 with values of 
practical antenna structures, data points for a small linear dipole and a Goubau [21] 
antenna are included in the same figure. For a small linear dipole of length / and wire 
radius a, its impedance is given by (4-37) and (8-62) [15] 


I 
Y SE, 
Zin c 207? (=) = jot d (11-37) 
tan (sz) 
X 


(z) 
ab AA A ue. (11-38) 


and its corresponding Q by 
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The computed Q values of the small dipole were for kl/2 = kr ~ 0.62 and 1.04 with 
1/2a = l/d = 50, and of the Goubau antenna were for kr ~ 1.04. 

It is apparent that the Q’s of the dipole are much higher than the corresponding 
values of the minimum Q curves even for the 100% efficient antennas. However 
the Goubau antenna, of the same radius sphere, demonstrates a lower value of Q and 
approaches the values of the 100% minimum Q curve. This indicates that the fractional 
bandwidth of the Goubau antenna, which is inversely proportional to its Q as defined 
by (11-36), is higher than that of a dipole enclosed within the same radius sphere. 
In turn, the bandwidth of an idealized antenna, enclosed within the same sphere, is 
even larger. 

From the above, it is concluded that the bandwidth of an antenna (which can be 
closed within a sphere of radius r) can be improved only if the antenna utilizes efficiently, 
with its geometrical configuration, the available volume within the sphere. The dipole, 
being a one-dimensional structure, is a poor utilizer of the available volume within the 
sphere. However a Goubau antenna, being a clover leaf dipole with coupling loops 
over a ground plane (or a double cover leaf dipole without a ground plane), is a 
more effective design for utilizing the available three-dimensional space within the 
sphere. A design, such as that of a spiral, that utilizes the space even more efficiently 
than the Goubau antenna would possess a lower Q and a higher fractional bandwidth. 
Ultimately, the values would approach the minimum Q curves. In practice, these curves 
are only approached but are never exceeded or even equaled. 

Other examples of dipole and monopole antennas that illustrate the principle of 
efficient utilization of the space within a sphere in order to increase the bandwidth 
(lower the Q) are shown in Figures 9.1 and 9.2. The qualitative bandwidths are also 
indicated in these figures. 


11.6 FRACTAL ANTENNAS 


One of the main objectives in wireless communication systems is the design of wide- 
band, or even multiband, low profile, small antennas. Applications of such antennas 
include, but are not limited to, personal communication systems, small satellite com- 
munication terminals, unmanned aerial vehicles, and many more. In order to meet the 
specification that the antenna be small, some severe limitations are placed on the design, 
which must meet the fundamental limits of electrically small antennas discussed in the 
previous section. It was pointed out in the previous section as well as in Section 9.1 
that the bandwidth of an antenna enclosed in a sphere of radius r can be improved 
only if the antenna utilizes efficiently, with its geometrical configuration, the available 
volume within the sphere. For planar geometries, the bandwidth of the antenna can 
be improved as the geometry of the antenna best utilizes the available planar area 
of a circle of radius r that encloses the antenna. It was illustrated in Figure 11.17 
that a Goubau antenna exhibits a lower Q, and thus a larger bandwidth, than a small 
linear cylindrical dipole that can be enclosed in a sphere of the same radius. This is 
achieved because a Goubau antenna utilizes the available volume of the sphere more 
efficiently. Another antenna that accomplishes the same objective, compared to a cylin- 
drical dipole, is a biconical antenna, as illustrated in Figure 11.16. Ideally a biconical 
antenna of Figure 11.16 that would exhibit the smallest Q (largest bandwidth) would 
be one whose included angle of each cone is 180°, or a hemispherical dipole. Other 
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dipole and monopole configurations, as well as their qualitative bandwidths, are shown 
in Figures 9.1 and 9.2. 

Another antenna that can meet the requirements of utilizing the available space 
within a sphere of radius r more efficiently is a fractal antenna. Fractal antennas are 
based on the concept of a fractal, which is a recursively generated geometry that 
has fractional dimensions, as pioneered and advanced by Benoit B. Mandelbrot [22]. 
Mandelbrot coined the term fractal and investigated the relationship between fractals 
and nature using discoveries made by Gaston Julia, Pierre Fatou, and Felix Haus- 
dorff [23]—[28]. He was able to show that many fractals exist in nature and can be 
used to accurately model certain phenomena. In addition, he was able to introduce new 
fractals to model more complex structures, including trees and mountains, that possess 
an inherent self-similarity and self-affinity in their geometrical shape. 

Fractal concepts have been applied to many branches of science and engineering, 
including fractal electrodynamics for radiation, propagation, and scattering [29]—[33]. 
These fractal concepts have been extended to antenna theory and design, and there 
have been many studies and implementations of different fractal antenna elements and 
arrays [34]-[45], and many others. The theory of the basics and advances of frac- 
tal antennas is well documented in some of the stated references and others, and it 
will not be repeated here because of space limitations. Instead, a qualitative discus- 
sion will be given here. The interested reader is directed to the references for more 
details. 

Fractals can be classified in two categories: deterministic and random. Determin- 
istic, such as the von Koch snowflake and the Sierpinski gaskets, are those that are 
generated of several scaled-down and rotated copies of themselves [28]. Such fractals 
can be generated using computer graphics requiring particular mapping that is repeated 
over and over using a recursive algorithm. Random fractals also contain elements of 
randomness that allow simulation of natural phenomena. Procedures and algorithms 
for generating fractals, both deterministic and random, can be found in [28]. 

Fractal geometries can best be described and generated using an iterative process 
that leads to self-similar and self-affinity structures as outlined in [43], [44]. The pro- 
cess can best be illustrated graphically as shown for the two different geometries in 
Figure 11.18(a,b). Figure 11.18(a) exhibits what is referred to as the Minkowski island 
fractal [43], while Figure 11.18(b) illustrates the Koch fractal loop [44]. The geometry 
generating process of a fractal begins with a basic geometry referred to as the initia- 
tor, which in Figure 11.18(a) is a Euclidean square while that of Figure 11.18(b) is 
a Euclidean triangle. In Figure 11.18(a), each of the four straight sides of the square 
is replaced with a generator that is shown at the bottom of the figure. The first three 
generated iterations are displayed. In Figure 11.18(b), the middle third of each side of 
the triangle is replaced with its own generator. The first four generated iterations are 
displayed. The process and generator of Figure 11.18(b) can also be used to generate 
the Koch dipole that will be discussed later in this section. The trend of the fractal 
antenna geometry can be deduced by observing several iterations of the process. The 
final fractal geometry is a curve with an infinitely intricate underlying structure such 
that, no matter how closely the structure is viewed, the fundamental building blocks 
cannot be differentiated because they are scaled versions of the initiator. Fractal geome- 
tries are used to represent structures in nature, such as trees, plants, mountain ranges, 
clouds, waves, and so on. Mathematically generated fractal geometries of plants are 
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Figure 11.18 Iterative generation process of fractals. 


Figure 11.19 Fractals used to represent plants in nature. 


shown in Figure 11.19. The theory and design of fractal antenna arrays is described 
in [40]. 

Another classic fractal is the Sierpinski gasket [37], [38]. This fractal can be gen- 
erated with the Pascal triangle of (6-63) using the following procedure [42], [46]. 
Consider an equilateral triangular grid of nodes, as shown in Figure 11.20(a). Starting 
from the top, each row is labeled n = 1, 2,3,....., and each row contains n nodes. A 
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(b) Mod-3 


Figure 11.20 Pascal’s triangle and Sierpinski gaskets (Mod-2, 3, 5). (source: [42] © 2001 
TEEE). 


number is assigned to each node for identification purposes. If all the nodes whose 
number is divisible by a prime number p(p = 2, 3,5,....) are deleted, the result is a 
self-similar fractal referred to as the Sierpinski gasket of Mod-p. For example, if the 
nodes in Figure 11.20(a) whose numbers are divisible by 2 are deleted, the result is a 
Sierpinski gasket of Mod-2. If the nodes whose number is divisible by 3 are deleted, 
a Sierpinski gasket of Mod-3 is obtained, as shown in Figure 11.20(b). Sierpinski 
gaskets can be used as elements in monopoles and dipoles having geometries whose 
peripheries are similar to the cross section of conical monopoles and biconical dipoles. 
The Sierpinski gaskets exhibit favorable radiation characteristics in terms of resonance, 
impedance, directivity, pattern, and so on, just like the other fractals. 

Fractals antennas exhibit space-filling properties that can be used to miniaturize 
classic antenna elements, such as dipoles and loops, and overcome some of the limi- 
tations of small antennas. The line that is used to represent the fractal can meander in 
such a way as to effectively fill the available space, leading to curves that are electri- 
cally long but compacted into a small physical space. This is part of the fundamental 
limit of small antennas, discussed in Section 11.5 and represented by (11-35) (see 
Figure 11.17), which leads to smaller Qs/larger bandwidths. It also results in antenna 
elements that, although are compacted in small space, can be resonate and exhibit input 
resistances that are much greater than the classic geometries of dipoles, loops, etc. 
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Figure 11.22 Input resistance of circular loop and Koch fractal loop vs. perimeter. (SOURCE: 
[44] © 2000 IEEE). 


To demonstrate this, let us consider two classic geometries: a circular loop and a 
linear dipole. Both of these are discussed in Chapters 5 and 4, respectively, and both, 
when they are small electrically, exhibit small input resistances and must be large in 
order to resonate. For an ideal circular loop, as discussed in detail in Chapter 5, the 
input impedance is very small (usually around 1 ohm) if the loop is electrically small. 
This can be overcome by using a Koch loop of Figure 11.18(b). In fact, in Figure 11.21 
we display a Koch loop of four iterations, shown also in Figure 11.18(b), circumscribed 
by a circular loop of equal radius. In Figure 11.22, we compare the input resistance 
below resonance of these two geometries for a circumference ranging from 0.154 to 
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0.274. (for the circular loop) and 0.39A to 0.74 for the Koch loop. While the input 
impedance of a small circular loop is very small (around 1.33 ohms at about 0.2654 
in circumference for the circular loop), the input resistance of the Koch fractal loop of 
equal radius (radius © 0.042184) is 35 ohms. Both antennas are below resonance and 
would require matching for the reactive part. 

For an ideal linear dipole, the first resonance occurs when the overall length is 
4/2 (as shown in Figure 8.17), which for some frequencies can be physically large. 
The length can be miniaturized using fractal dipoles, such as the Koch dipole and 
other similar geometries. To generate the Koch dipole, we apply the iterative gener- 
ating procedure using the generator of Figure 11.18(b), as shown on the top part of 
Figure 11.23. This procedure can be extended to generate quasi-fractal tree dipoles 
and 3D quasi-fractal tree dipoles, as also illustrated in the second and third parts of 
Figure 11.23, respectively. 

In Figure 11.24, we exhibit the resonant frequency for the first five iterations of 
each fractal dipole of Figure 11.23. It is apparent that the higher iterative geometries 
exhibit lower resonant frequencies, as if the overall length of the dipole was large 
electrically. The resonant frequencies plotted in Figure 11.24, which correspond to 
decrease in the length of the dipole, were computed when the reactance was zero 
and the input impedance was approximately 50 ohms at equal frequencies. It should 
also be pointed out that the major decrease of the resonant frequency occurs for the 
3D fractal dipole, corresponding to about 4096 reduction, after five iterations over 
the equivalent tree dipole [44]. It should also be stated that most of the miniaturiza- 
tion benefits of the fractal dipole occur within the first five iterations with very little 
changes in the characteristics of the dipole occurring with minimal increases in the 
complexity afterwards. 

As was indicated in Section 11.6, the theoretical limit on the lowest Q of an antenna 
of any shape is represented by (11-35) and plotted in Figure 11.17. Because of the 
space-filling properties of fractal antennas, their Q can be lower than that of a classic 
cylindrical dipole, as was the case for a Goubau antenna illustrated in Figure 11.17. 
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Figure 11.23 Fractal dipole geometries for Koch, tree, and 3D-tree fractal dipoles for five 
iterations. (SOURCE: [43] © 2002 IEEE). 
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Figure 11.24 Resonant frequency for first five iterations of Koch, tree, and 3D-tree fractal 
dipoles. (source: [43] © 2002 IEEE). 
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Figure 11.25 Quality factor Q for Koch dipole of up to five iterations as a function of kh (h 
is maximum length/height of dipole). (source: [43] © 2002 IEEE). 


To demonstrate that, we have plotted in Figure 11.25 the Q of a Koch dipole of 
the first five iterations, including the zero-order linear dipole. The curve representing 
the fundamental limit is also included. It is apparent that each of the Koch dipoles 
exhibits lower Qs/higher bandwidths, compared to the classic linear dipole, as the 
order of iteration increases. The Qs can be lowered even more using the fractal tree 
and especially the 3D fractal dipole that exhibits the most space-filling properties [44]. 
The Qs shown in Figure 11.25 were obtained using Method of Moments [44]. 
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The concepts discussed above for loops and dipoles can be extended to other 
antenna elements, including microstrip/patch antennas [44]. The reader is directed to 
the references. 


11.7 MULTIMEDIA 


In the CD that is part of the book the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Matlab and Fortran computer program, designated log perd, for computing and 
displaying the radiation characteristics of a log-periodic linear dipole array design. 

c. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


11.1. Design a symmetrical two-wire plane spiral (¢) = 0, x) at f = 10 MHz with 


total feed terminal separation of 107?A. The total length of each spiral should 
be one wavelength and each wire should be of one turn. 


(a) Determine the rate of spiral of each wire. 
(b) Find the radius (in à and in meters) of each spiral at its terminal point. 
(c) Plot the geometric shape of one wire. Use meters for its length. 


11.2. Verify (11-28). 


11.3. Design log-periodic dipole arrays, of the form shown in Figure 11.9(d), each 


with directivities of 9 dB, input impedance of 75 ohms, and each with the 

following additional specifications: Cover the (see Appendix IX) 

(a) VHF TV channels 2-13 (54-216 MHz). Use aluminum tubing with out- 
side diameters of i in. (1.905 cm) and n in. (0.476 cm) for the largest 
and smallest elements, respectively. 

(b VHF TV channels 2-6 (54—88 MHz). Use diameters of 1.905 and 
1.1169 cm for the largest and smallest elements, respectively. 

(c) VHF TV channels 7-13 (174—216 MHz). Use diameters of 0.6 and 
0.476 cm for the largest and smallest elements, respectively. 


11.8. 
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(d) UHF TV channels (512-806 MHz). The largest and smallest elements 
should have diameters of 0.2 and 0.128 cm, respectively. 


(e) FM band of 88—108 MHz (100 channels at 200 KHz apart). The largest 
and smallest elements should have diameters of 1.169 and 0.9525 cm, 
respectively. 


In each design, the feeder line should have the same diameter as the largest 
element. 


For each design in Problem 11.3, determine the 


(a) span of each period over which the radiation characteristics will vary 
slightly 
(b) number of periods (cycles) within the desired bandwidth 


Using the log perd computer program and Appendix IX, design an array 

which covers the VHF television band. Design the antenna for 7 dBi gain 

optimized in terms of ø — t. The antenna should be matched to a 75-ohm 

coaxial input cable. For this problem, set the input line length to O meters, 

the source resistance to 0 ohms, the termination line length to O meters, the 

termination impedance to 100 Kohms, the length-to-diameter ratio to 40, and 

the boom diameter to 10 cm. To make the actual input impedance 75 ohms, 

one must iteratively find the optimal desired input impedance. 

(a) Plot the gain, magnitude of the input impedance, and VSWR versus fre- 
quency from 30 MHz to 400 MHz. 

(b) Based on the ripples in the plot of gain versus frequency, what is t? 
Compare this value to the value calculated by the computer program. 

(c) Why does the gain decrease rapidly for frequencies less than the lower 
design frequency yet decrease very slowly for frequencies higher than the 
upper design frequency? 


For the antenna of Problem 11.5, replace the 100-Kohm load with a 75-ohm 

resistor. 

(a) Plot the gain, magnitude of the input impedance, and VSWR versus fre- 
quency from 30 MHz to 400 MHz. 

(b) What does the termination resistor do which makes this antenna an im- 
provement over the antenna of Problem 11.5? 


For the antenna of Problem 11.5, replace the 100-Kohm termination (load) 

with a 75-ohm resistor and make the source resistance 10 ohms. This resistance 

represents the internal resistance of the power supply as well as losses in the 

input line. 

(a) Plot the gain versus frequency from 30 MHz to 400 MHz. 

(b) What is the antenna efficiency of this antenna? 

(c) Based on your result from parts (a) and (b), what should the gain versus 
frequency plot look like for Problem 11.6? 


Design a log-periodic dipole array which operates from 470 MHz to 806 MHz 
(UHF band) with 8 dBi gain. This antenna should be matched to a 50-ohm 
cable of length 2 meters with no source resistance. The termination should be 
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left open. Select the length-to-diameter ratio to be 25. At 600 MHz, do the 
following. Use the computer program log perd of this chapter. 


(a) Plot the E- and H-plane patterns. 
(b) Calculate the E- and H-plane half-power beamwidths. 
(c) Find the front-to-back ratio. 


(d) Why does the E-plane pattern have deep nulls while the H-plane pattern 
does not? 


The overall length of a small linear dipole antenna (like a biconical antenna, 
or cylindrical dipole, or any other) is A/a. Assuming the antenna is 100% 
efficient, what is: 


(a) The smallest possible value of Q for an antenna of such a length? Practi- 
cally it will be larger than that value. 


(b) The largest fractional bandwidth (A f/ fo where fo is the center frequency)? 


It is desired to design a 100% efficient biconical dipole antenna whose overall 
length is 4/20. The design guidelines specify a need to optimize the frequency 
response (bandwidth). To accomplish this, the quality factor Q of the antenna 
should be minimized. In order to get some indications as to the fundamental 
limits of the design: 


(a) What is the lowest possible limit of the Q for this size antenna? 


(b) In order to approach this lower fundamental limit, should the included 
angle of the biconical antenna be made larger or smaller, and why? 


It is desired to design a very small, 100% efficient spiral antenna whose largest 
fractional bandwidth is 1096. Determine the following: 


(a) The smallest possible quality factor (Q) that the spiral can ever have. 
(b) The largest possible diameter (in A) the spiral can ever have. 


Small antennas are very highly reactive radiating elements and exhibit very 
high quality factors and very small bandwidths. Assuming the antenna is 5096 
efficient and its fractional bandwidth is 196 


(a) determine the largest overall linear dimension (in A) of the antenna; 
(b) would, in practice, the measured. 


1. Q be smaller or larger than the one designed based on the 1% fractional 
bandwidth, and why? 


2. fractional bandwidth be smaller or larger than the designed one of 1%, 
and why? 
Consider a small biconical antenna with 100% efficiency and a fractional band- 
width of 296. 
(a) Determine the largest possible overall dimension (in A) of the antenna. 
(b) Does the Q become smaller or larger with increasing cone angle? Why? 


(c) Does the fractional bandwidth become smaller or larger with increasing 
cone angle? Why? 
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Aperture Antennas 


12.1 INTRODUCTION 


Aperture antennas are most common at microwave frequencies. There are many differ- 
ent geometrical configurations of an aperture antenna with some of the most popular 
shown in Figure 1.4. They may take the form of a waveguide or a horn whose aper- 
ture may be square, rectangular, circular, elliptical, or any other configuration. Aperture 
antennas are very practical for space applications, because they can be flush mounted on 
the surface of the spacecraft or aircraft. Their opening can be covered with a dielectric 
material to protect them from environmental conditions. This type of mounting does not 
disturb the aerodynamic profile of the craft, which in high-speed applications is critical. 

In this chapter, the mathematical tools will be developed to analyze the radiation 
characteristics of aperture antennas. The concepts will be demonstrated by examples 
and illustrations. Because they are the most practical, emphasis will be given to the 
rectangular and circular configurations. Due to mathematical complexities, the obser- 
vations will be restricted to the far-field region. The edge effects, due to the finite size 
of the ground plane to which the aperture is mounted, can be taken into account by 
using diffraction methods such as the Geometrical Theory of Diffraction, better known 
as GTD. This is discussed briefly and only qualitatively in Section 12.10. 

The radiation characteristics of wire antennas can be determined once the current 
distribution on the wire is known. For many configurations, however, the current distri- 
bution is not known exactly and only physical intuition or experimental measurements 
can provide a reasonable approximation to it. This is even more evident in aperture 
antennas (slits, slots, waveguides, horns, reflectors, lenses). It is therefore expedient to 
have alternate methods to compute the radiation characteristics of antennas. Emphasis 
will be placed on techniques that for their solution rely primarily not on the current 
distribution but on reasonable approximations of the fields on or in the vicinity of the 
antenna structure. One such technique is the Field Equivalence Principle. 


12.2 FIELD EQUIVALENCE PRINCIPLE: HUYGENS’ PRINCIPLE 


The field equivalence is a principle by which actual sources, such as an antenna and 
transmitter, are replaced by equivalent sources. The fictitious sources are said to be 
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equivalent within a region because they produce the same fields within that region. The 
formulations of scattering and diffraction problems by the equivalence principle are 
more suggestive to approximations. 

The field equivalence was introduced in 1936 by S. A. Schelkunoff [1], [2], and 
it is a more rigorous formulation of Huygens’ principle [3] which states that “each 
point on a primary wavefront can be considered to be a new source of a secondary 
spherical wave and that a secondary wavefront can be constructed as the envelope 
of these secondary spherical waves [4].” The equivalence principle is based on the 
uniqueness theorem which states that “a field in a lossy region is uniquely specified by 
the sources within the region plus the tangential components of the electric field over the 
boundary, or the tangential components of the magnetic field over the boundary, or the 
former over part of the boundary and the latter over the rest of the boundary [2], [5]-" 
The field in a lossless medium is considered to be the limit, as the losses go to zero, of 
the corresponding field in a lossy medium. Thus if the tangential electric and magnetic 
fields are completely known over a closed surface, the fields in the source-free region 
can be determined. 

By the equivalence principle, the fields outside an imaginary closed surface are 
obtained by placing over the closed surface suitable electric- and magnetic-current 
densities which satisfy the boundary conditions. The current densities are selected so 
that the fields inside the closed surface are zero and outside they are equal to the 
radiation produced by the actual sources. Thus the technique can be used to obtain the 
fields radiated outside a closed surface by sources enclosed within it. The formulation is 
exact but requires integration over the closed surface. The degree of accuracy depends 
on the knowledge of the tangential components of the fields over the closed surface. 

In most applications, the closed surface is selected so that most of it coincides with 
the conducting parts of the physical structure. This is preferred because the vanishing 
of the tangential electric field components over the conducting parts of the surface 
reduces the physical limits of integration. 

The equivalence principle is developed by considering an actual radiating source, 
which electrically is represented by current densities J; and Mj, as shown in 
Figure 12.1(a). The source radiates fields E; and H; everywhere. However, it is desired 
to develop a method that will yield the fields outside a closed surface. To accomplish 
this, a closed surface S is chosen, shown dashed in Figure 12.1(a), which encloses the 
current densities J; and M,. The volume within $ is denoted by V; and outside S by 
V». The primary task will be to replace the original problem, shown in Figure 12.1(a), 
by an equivalent one which yields the same fields E, and Hy, outside S (within V2). The 
formulation of the problem can be aided eminently if the closed surface is judiciously 
chosen so that fields over most, if not the entire surface, are known a priori. 

An equivalent problem of Figure 12.1(a) is shown in Figure 12.1(b). The original 
sources J; and M, are removed, and we assume that there exist fields E and H inside 
S and fields E, and H; outside of S. For these fields to exist within and outside S, 
they must satisfy the boundary conditions on the tangential electric and magnetic field 
components. Thus on the imaginary surface S there must exist the equivalent sources 


J; =f x [H, — H] (12-1) 
M, = - x [E; — E] (12-2) 


and they radiate into an unbounded space (same medium everywhere). The current 
densities of (12-1) and (12-2) are said to be equivalent only within V», because they 
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Figure 12.1 Actual and equivalent models. 


produce the original fields (Ej, H1) only outside S. Fields E, H, different from the 
originals (Ej, H4), result within Vj. Since the currents of (12-1) and (12-2) radiate 
in an unbounded space, the fields can be determined using (3-27)-(3-30a) and the 
geometry of Figure 12.2(a). In Figure 12.2(a), R is the distance from any point on the 
surface S, where J, and M, exist, to the observation point. 

So far, the tangential components of both E and H have been used in setting up the 
equivalent problem. From electromagnetic uniqueness concepts, it is known that the 
tangential components of only E or H are needed to determine the fields. It will be 
demonstrated that equivalent problems can be found which require only the magnetic- 
current densities (tangential E) or only electric current densities (tangential H). This 
requires modifications to the equivalent problem of Figure 12.1(b). 

Since the fields E, H within S can be anything (this is not the region of inter- 
est), it can be assumed that they are zero. In that case the equivalent problem of 
Figure 12.1(b) reduces to that of Figure 12.3(a) with the equivalent current densities 
being equal to 

Js =f x (Hı — H)|p2o = fi x Hj (12-3) 


M, = —Î x (E, = E)|E~0 = —Î x E; (12-4) 


This form of the field equivalence principle is known as Love’s Equivalence Princi- 
ple [2], [6]. Since the current densities of (12-3) and (12-4) radiate in an unbounded 
medium (same jz, € everywhere), they can be used in conjunction with (3-27)-(3-30a) 
to find the fields everywhere. 

Love’s Equivalence Principle of Figure 12.3(a) produces a null field within the 
imaginary surface S. Since the value of the E = H = 0 within S cannot be disturbed if 
the properties of the medium within it are changed, let us assume that it is replaced by 
a perfect electric conductor (o = oo). The introduction of the perfect conductor will 
have an effect on the equivalent source Js, and it will prohibit the use of (3-27)—(3-30a) 
since the current densities no longer radiate into an unbounded medium. Imagine that 
the geometrical configuration of the electric conductor is identical to the profile of the 
imaginary surface S, over which J; and M, exist. As the electric conductor takes its 
place, as shown in Figure 12.3(b), the electric current density J;, which is tangent to the 
surface S, is short-circuited by the electric conductor. Thus the equivalent problem of 
Figure 12.3(a) reduces to that of Figure 12.3(b). There exists only a magnetic current 
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Observation point 
(x,y,z) 


(b) Far-field 


Figure 12.2 Coordinate system for aperture antenna analysis. 


density M, over S, and it radiates in the presence of the electric conductor producing 
outside S the original fields Ej, Hı. Within S the fields are zero but, as before, this 
is not a region of interest. The difficulty in trying to use the equivalent problem of 
Figure 12.3(b) is that (3-27)—(3-30a) cannot be used, because the current densities do 
not radiate into an unbounded medium. The problem of a magnetic current density 
radiating in the presence of an electric conducting surface must be solved. So it seems 
that the equivalent problem is just as difficult as the original problem itself. 

Before some special simple geometries are considered and some suggestions are 
made for approximating complex geometries, let us introduce another equivalent prob- 
lem. Referring to Figure 12.3(a), let us assume that instead of placing a perfect electric 
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Figure 12.3 Equivalence principle models. 


conductor within S we introduce a perfect magnetic conductor which will short out 
the magnetic current density and reduce the equivalent problem to that shown in 
Figure 12.3(c). As was with the equivalent problem of Figure 12.3(b), (3-27)-(3-30a) 
cannot be used with Figure 12.3(c) and the problem is just as difficult as that of 
Figure 12.3(b) or the original of Figure 12.1(a). 

To begin to see the utility of the field equivalence principle, especially that of 
Figure 12.3(b), let us assume that the surface of the electric conductor is flat and 
extends to infinity as shown in Figure 12.4(a). For this geometry, the problem is to 
determine how a magnetic source radiates in the presence of a flat electric conductor. 
From image theory, this problem reduces to that of Figure 12.4(b) where an imaginary 
magnetic source is introduced on the side of the conductor and takes its place (remove 
conductor). Since the imaginary source is in the same direction as the equivalent 
source, the equivalent problem of Figure 12.4(b) reduces to that of Figure 12.4(c). 
The magnetic current density is doubled, it radiates in an unbounded medium, and (3- 
27)—(3-30a) can be used. The equivalent problem of Figure 12.4(c) yields the correct 
E, H fields to the right side of the interface. If the surface of the obstacle is not flat and 
infinite, but its curvature is large compared to the wavelength, a good approximation 
is the equivalent problem of Figure 12.3(c). 


SUMMARY 


In the analysis of electromagnetic problems, many times it is easier to form equivalent 
problems that yield the same solution within a region of interest. This is the case for 
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Figure 12.4 Equivalent models for magnetic source radiation near a perfect electric conductor. 


scattering, diffraction, and aperture antenna problems. In this chapter, the main interest 
is in aperture antennas. The concepts will be demonstrated with examples. 

The steps that must be used to form an equivalent and solve an aperture problem 
are as follows: 


1. Select an imaginary surface that encloses the actual sources (the aperture). The 


surface must be judiciously chosen so that the tangential components of the 
electric and/or the magnetic field are known, exactly or approximately, over its 
entire span. In many cases this surface is a flat plane extending to infinity. 


. Over the imaginary surface form equivalent current densities J;, M, which take 


one of the following forms: 

a. J; and M, over S assuming that the E- and H-fields within S are not zero. 

b. or J; and M, over S assuming that the E- and H-fields within S are zero 
(Love's theorem) 

c. or M, over S (J; = 0) assuming that within S the medium is a perfect elec- 
tric conductor 

d. or J; over S (M, = 0) assuming that within S the medium is a perfect mag- 
netic conductor. 


. Solve the equivalent problem. For forms (a) and (b), (3-27)- (3-302) can be used. 


For form (c), the problem of a magnetic current source next to a perfect electric 
conductor must be solved [(3-27)—(3-30a) cannot be used directly, because the 
current density does not radiate into an unbounded medium]. If the electric con- 
ductor is an infinite flat plane the problem can be solved exactly by image theory. 
For form (d), the problem of an electric current source next to a perfect magnetic 
conductor must be solved. Again (3-27)—- (3-302) cannot be used directly. If the 
magnetic conductor is an infinite flat plane, the problem can be solved exactly 
by image theory. 


To demonstrate the usefulness and application of the field equivalence theorem to 
aperture antenna theory, an example is considered. 
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Example 12.1 


A waveguide aperture is mounted on an infinite ground plane, as shown in Figure 12.5(a). 
Assuming that the tangential components of the electric field over the aperture are known, 
and are given by Eg, find an equivalent problem that will yield the same fields E, H radiated 
by the aperture to the right side of the interface. 

Solution: First an imaginary closed surface is chosen. For this problem it is appropriate to 
select a flat plane extending from minus infinity to plus infinity, as shown in Figure 12.5(b). 
Over the infinite plane, the equivalent current densities J; and M, are formed. Since the 
tangential components of E do not exist outside the aperture, because of vanishing boundary 
conditions, the magnetic current density M, is only nonzero over the aperture. The electric 
current density J, is nonzero everywhere and is yet unknown. Now let us assume that an 
imaginary flat electric conductor approaches the surface S, and it shorts out the current 
density J; everywhere. M, exists only over the space occupied originally by the aperture, 
and it radiates in the presence of the conductor [see Figure 12.5(c)]. By image theory, the 
conductor can be removed and replaced by an imaginary (equivalent) source M, as shown 
in Figure 12.5(d), which is analogous to Figure 12.4(b). Finally, the equivalent problem of 
Figure 12.5(d) reduces to that of Figure 12.5(e), which is analogous to that of Figure 12.4(c). 
The original problem has been reduced to a very simple equivalent and (3-27)—(3-30a) can 
be utilized for its solution. 


Waveguide 


l l l 
(a) (b) (d) (e) 


Figure 12.5 Equivalent models for waveguide aperture mounted on an infinite flat electric 
ground plane. 
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In this chapter the theory will be developed to compute the fields radiated by an aper- 
ture, like that shown in Figure 12.5(a), making use of its equivalent of Figure 12.5(e). 
For other problems, their equivalent forms will not necessarily be the same as that 
shown in Figure 12.5(e). 


12.3 RADIATION EQUATIONS 


In Chapter 3 and in the previous section it was stated that the fields radiated by sources 
J; and M, in an unbounded medium can be computed by using (3-27)—(3-30a) where 
the integration must be performed over the entire surface occupied by J, and M,. These 
equations yield valid solutions for all observation points [2], [7]. For most problems, 
the main difficulty is the inability to perform the integrations in (3-27) and (3-28). 
However for far-field observations, the complexity of the formulation can be reduced. 

As was shown in Section 4.4.1, for far-field observations R can most commonly be 
approximated by 


Rcr-—r'cosy for phase variations (12-5a) 


Ror for amplitude variations (12-5b) 


where y is the angle between the vectors r and r’, as shown in Figure 12.2(b). The 
primed coordinates (x', y’, z’, or r’, 0’, $^) indicate the space occupied by the sources J; 
and M,, over which integration must be performed. The unprimed coordinates (x, y, z 
or r, 0, $) represent the observation point. Geometrically the approximation of (12-5a) 
assumes that the vectors R and r are parallel, as shown in Figure 12.2(b). 

Using (12-5a) and (12-5b), (3-27) and (3-28) can be written as 


e PUE ~ He —jkr 
3L J, E —N (12-6) 

Arr 
= I J,e Y as! (12-6a) 

S 
pac diat quse tu 12-7 
E mall > R Ps 4rr de 
S 

L= | M, eJ" sv qs (12-7a) 


In Section 3.6 it was shown that in the far-field only the 6 and $ components of 
the E- and H-fields are dominant. Although the radial components are not necessarily 
zero, they are negligible compared to the 0 and $ components. Using (3-58a)—(3-59b), 
the E4 of (3-29) and Hp of (3-30) can be written as 


(E4)e ~ —j@Ag (12-8a) 
(Ea)¢ = —jwAg (12-8b) 
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(Hr)o ~ — joFo (12-8c) 
(Hp) c — joF; (12-8d) 


and the Ep of (3-29) and Hy, of (3-30), with the aid of (12-8a)—(12-8d), as 


(Er)o ~ +n(Hr)g = —jonky (12-9a) 
(Er)g ~ —n(Hr)o = t jonFo (12-9b) 
(Ha)o = es = gee (12-9c) 
(Hae ~ +e " -jot (12-94) 


Combining (12-8a)—(12-8d) with (12-9a)-(12-9d), and making use of (12-6)- 
(12-7a) the total E- and H-fields can be written as 


E,~0 (12-10a) 
jke- 7 

Eg S c d T 7No) (12-10b) 
jke- 7 

Ep >+ Vm (Lo — nN¢) (12-10c) 

H, ~0 (12-10d) 

Bot jke-J* M Lo 

o> iar 6 7 (12-10e) 

jke™?™ Lo 

H>- om No + = (12-10f) 


The Ne, Ng, Le, and Ly can be obtained from (12-6a) and (12-7a). That is, 
N= I Jst Y ds! = [[ + Ay Jy +A, Jeti sY ds! (12-11a) 
S S 


m I Miei tdt I (8, M, + â, M, +â, Mjeti es ds! (12-11b) 
S S 


Using the rectangular-to-spherical component transformation, obtained by taking the 
inverse (in this case also the transpose) of (4-5), (12-11a) and (12-11b) reduce for the 
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0 and @ components to 

No = ffo cos 0 cos $ + J, cos 0 sing — J; sin 0]e ^J" cosv ga! (12-122) 
S 

No = i] ll [—Jy sing + Jy cos $]e ^" Y ds! (12-12b) 
S 


Lo = [fos cos @ cos $ + M, cos@ sin ġ — M; sin0]e ^" V ds! (12-12c) 
S 


Lọ = i] ll [—M, sind + M, cos ó]e 7 °°” ds’ (12-12d) 
S 


SUMMARY 


To summarize the results, the procedure that must be followed to solve a problem 
using the radiation integrals will be outlined. Figures 12.2(a) and 12.2(b) are used to 
indicate the geometry. 


1. Select a closed surface over which the total electric and magnetic fields E, and 
H, are known. 

2. Form the equivalent current densities J, and M, over S using (12-3) and (12-4) 
with H; = H, and E; = E,. 

3. Determine the A and F potentials using (12-6)—(12-7a) where the integration is 
over the closed surface S. 

4. Determine the radiated E- and H-fields using (3-29) and (3-30). 


The above steps are valid for all regions (near-field and far-field) outside the surface 
S. If, however, the observation point is in the far-field, steps 3 and 4 can be replaced 
by 3' and 4’. That is, 


3’. Determine Ne, Nọ, Le and Ly using (12-12a)—(12-12d). 
4’. Determine the radiated E- and H-fields using (12-10a)—(12-10f). 


Some of the steps outlined above can be reduced by a judicious choice of the 
equivalent model. In the remaining sections of this chapter, the techniques will be 
applied and demonstrated with examples of rectangular and circular apertures. 


12.4 DIRECTIVITY 


The directivity of an aperture can be found in a manner similar to that of other antennas. 
The primary task is to formulate the radiation intensity U (0, $), using the far-zone 
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electric and magnetic field components, as given by (2-12a) or 
1 A E A 2 1 
U6,o)= ; Rel(ào Eo + Ay ES) x (às Ho + Ag Hy)"] = a; Esl -|EQU) (12-13) 


which in normalized form reduces to 


Un, $) = (EG, 9)? + LES (6, 6)I7) = BoF 0, p) (12-13a) 


The directive properties can then be found using (2-19)—(2-22). 

Because the radiation intensity U (0, $) for each aperture antenna will be of a differ- 
ent form, a general equation for the directivity cannot be formed. However, a general 
MATLAB and FORTRAN computer program, designated as Directivity, has been writ- 
ten to compute the directivity of any antenna, including an aperture, once the radiation 
intensity is specified. The program is based on the formulations of (12-13a), (2-19)—(2- 
20), and (2-22), and it is included in Chapter 2. In the main program, it requires the 
lower and upper limits on 0 and $. The radiation intensity for the antenna in question 
must be specified in the subroutine U (0, $, F) of the program. 

Expressions for the directivity of some simple aperture antennas, rectangular and 
circular, will be derived in later sections of this chapter. 


12.5 RECTANGULAR APERTURES 


In practice, the rectangular aperture is probably the most common microwave antenna. 
Because of its configuration, the rectangular coordinate system is the most convenient 
system to express the fields at the aperture and to perform the integration. Shown in 
Figure 12.6 are the three most common and convenient coordinate positions used for 
the solution of an aperture antenna. In Figure 12.6(a) the aperture lies on the y-z plane, 
in Figure 12.6(b) on the x-z plane, and in Figure 12.6(c) on the x-y plane. For a given 
field distribution, the analytical forms for the fields for each of the arrangements are not 
the same. However the computed values will be the same, since the physical problem 
is identical in all cases. 

For each of the geometries shown in Figure 12.6, the only difference in the analysis 
is in the formulation of 


1. the components of the equivalent current densities (Jx, Jy, Jz, Mx, My, Mz) 
2. the difference in paths from the source to the observation point (r’ cos y) 
3. the differential area ds’ 


In general, the nonzero components of J, and M, are 


Jy, Jz, My, M; [Figure 12.6(a)] (12-14a) 
Jx, Jz, Mx, M, [Figure 12.6(b)] (12-14b) 
Jy, Jy, Mx, M, [Figure 12.6(c)] (12-14c) 
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(c) 


Figure 12.6 Rectangular aperture positions for antenna system analysis. 


The differential paths take the form of 


r' cosy =r. â, = (Ayy’ + 4,2) - (â, sin 6 cos ¢ + â, sin 8 sin ó + à; cos 0) 


= y'sinOsin$ 4-z/cos0 [Figure 12.6(a)] (12-15a) 
r cos y =r - à, = (âxx' + à;z)) - (âx sin cos ¢ + â, sin @ sin ¢ + à; cos0) 

= x'sin0 cos$ --z'cos0 [Figure 12.6(b)] (12-15b) 
r' cosy =r - à, = (âx + ayy’) - (à; sin0 cos ġ + â, sin 0 sin ¢ + 4, cos) 


=x'sinOcos¢?+y'sin@sing [Figure 12.6(c)] (12-15c) 
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and the differential areas are represented by 


ds’ =dy'dz' [Figure 12.6(a)] (12-162) 


ds’ =dx'dz' [Figure 12.6(b)] (12-16b) 


ds = dx dy' [Figure 12.6(c)] (12-16c) 


12.5.4 Uniform Distribution on an Infinite Ground Plane 


The first aperture examined is a rectangular aperture mounted on an infinite ground 
plane, as shown in Figure 12.7. To reduce the mathematical complexities, initially the 
field over the opening is assumed to be constant and given by 


E,=ajE) —a/2xx xa/2, —b/2< y <b/2 (12-17) 


where Eo is a constant. The task is to find the fields radiated by it, the pattern 
beamwidths, the side lobe levels of the pattern, and the directivity. To accomplish 
these, the equivalent will be formed first. 


A. Equivalent 
To form the equivalent, a closed surface is chosen which extends from —oo to +00 
on the x-y plane. Since the physical problem of Figure 12.7 is identical to that of 


Figure 12.7 Rectangular aperture on an infinite electric ground plane. 
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Figure 12.5(a), its equivalents are those of Figures 12.5(a)—(e). Using the equivalent 
of Figure 12.5(e) 


isis = Saag CU Tu 

M, = C : - TELO e or y <b/2 (12-18) 
0 elsewhere 

Js= 0 everywhere 


B. Radiation Fields: Element and Space Factors 
The far-zone fields radiated by the aperture of Figure 12.7 can be found by using (12- 
10a)—(12-10f), (12-12a) - (12-124), (12-14c), (12-15c), (12-16c), and (12-18). Thus, 


No = No = (12-19) 


0 

+b/2 p+a/2 eae " f 

Lo = f / [M, COS Ü cos ple sin 0 cos $4-y' sin 6 sin $) dx! dy 
—b/2 4—a[2 


4b/2 p+a/2 
Ly = cos0 cos | i Mette sine cos+y' gm sing) dx'ay | (12-19a) 
—a/2 


—b/2 


In (12-19a), the integral within the brackets represents the space factor for a two- 
dimensional distribution. It is analogous to the space factor of (4-58a) for a line source 
(one-dimensional distribution). For the Lg component of the vector potential F, the 
element factor is equal to the product of the factor outside the brackets in (12-19a) 
and the factor outside the brackets in (12-10c). The total field is equal to the product 
of the element and space factors, as defined by (4-59), and expressed in (12-10b) and 
(12-10c). 

Using the integral 


+c/2 sin zc) 
J ei% dz = c | ——2— (12-20) 


(12-19a) reduces to 


sin X sin Y 
Lg = 2abEo [eose cos ( ) ( ) (12-21) 
X Y 
where 
ka . 
X= 2 BS cos $ (12-21a) 
kb. 
Y= E sin ð sing (12-21b) 


Similarly it can be shown that 


: sin X sin Y 
ius dan [aca (B nn na 
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Substituting (12-19), (12-21), and (12-22) into (12-10a)-(12-10f), the fields radiated 
by the aperture can be written as 


E, =0 (12-23a) 
.abkEge 7" | . sin X X /sinY 
[EE uas MN (12-23b) 
2xr 
abk Ege J* sin XX /sinY 
E,2j—————— 0 —— 12-23 
o=J 2 » cos $ NC X ( Y ) ( c) 
H, =0 (12-234) 
Es 
Hy. (12-23e) 
n 
Eo 
Hy =+ (12-23f) 


Equations (12-23a)-(12-23f) represent the three-dimensional distributions of the 
far-zone fields radiated by the aperture. Experimentally only two-dimensional plots 
can be measured. To reconstruct experimentally a three-dimensional plot, a series of 
two-dimensional plots must be made. In many applications, however, only a pair of 
two-dimensional plots are usually sufficient. These are the principal E- and H-plane 
patterns whose definition was stated in Section 2.2.3 and illustrated in Figure 2.3. 

For the problem in Figure 12.7, the E-plane pattern is on the y-z plane ($ = 7/2) 
and the H-plane is on the x-z plane (¢ = 0). Thus 


E —Plane (¢ = 1/2) 


E, = Ey =0 (12-24a) 
abkEge- /* sin sin ($ sino) sin) 
Eg -j————— Irr IB c (12-24b) 
5 sin 0 
H —Plane (¢ = 0) 
E,=E,=0 (12-25a) 
. (ka. 
abk Ege- sin | > sin 0 
Eg = i Gee cos Q | ———————— (12-25b) 
ij 5 sing 


To demonstrate the techniques, three-dimensional patterns have been plotted in 
Figures 12.8 and 12.9. The dimensions of the aperture are indicated in each figure. 
Multiple lobes appear, because the dimensions of the aperture are greater than one 
wavelength. The number of lobes increases as the dimensions increase. For the aper- 
ture whose dimensions are a — 34 and b — 24 (Figure 12.8), there are a total of five 
lobes in the principal H-plane and three lobes in the principal E-plane. The pattern 
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Figure 12.8 Three-dimensional field pattern of a constant field rectangular aperture mounted 
on an infinite ground plane (a = 3A, b = 22). 


in the H-plane is only a function of the dimension a whereas that in the E-plane is 
only influenced by b. In the E-plane, the side lobe formed on each side of the major 
lobe is a result of A < b < 2A. In the H-plane, the first minor lobe on each side of the 
major lobe is formed when X < a < 24 and the second side lobe when 24 < a < 34. 
Additional lobes are formed when one or both of the aperture dimensions increase. 
This is illustrated in Figure 12.9 for an aperture with a = b = 34. 

The two-dimensional principal plane patterns for the aperture with a = 3A, b = 2A 
are shown in Figure 12.10. For this, and for all other size apertures mounted on an 
infinite ground plane, the H-plane patterns along the ground plane vanish. This is 
dictated by the boundary conditions. The E-plane patterns, in general, do not have to 
vanish along the ground plane, unless the dimension of the aperture in that plane (in 
this case b) is a multiple of a wavelength. 

The patterns computed above assumed that the aperture was mounted on an infinite 
ground plane. In practice, infinite ground planes are not realizable, but they can be 
approximated by large structures. Edge effects, on the patterns of apertures mounted 
on finite size ground planes, can be accounted for by diffraction techniques. They 
will be introduced and illustrated in Section 12.9. Computed results, which include 
diffractions, agree extremely well with measurements [8]—[10]. 
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Figure 12.9 Three-dimensional field pattern of a constant field square aperture mounted on an 
infinite ground plane (a = b = 32). 


C. Beamwidths 
For the E-plane pattern given by (12-24b), the maximum radiation is directed along 
the z-axis (0 = 0). The nulls (zeros) occur when 


kb . 
z sinO|pa9, = nz, n=1,2,3,... (12-26) 
or at the angles of 
2 À 
6, = sin! (=) = sin! (=) rad (12-26a) 


A 
= 57.3 sin™! (=) degrees, n=1,2,3,... 
If b > nd, (12-26a) reduces approximately to 


nA nA 
0, c pd = 57.3 (=) degrees, n=1,2,3,... (12-26b) 
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a=3d,b=2d 


E-plane 
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Figure 12.10  E- and H-plane amplitude patterns for uniform distribution aperture mounted 
on an infinite ground plane (a = 3A, b = 22). 


The total beamwidth between nulls is given by 


x 
©, = 20, codage (=) rad 


(12-27) 
. _ı [nà 
= 114.6 sin (=) degrees, n=1,2,3,... 
or approximately (for large apertures, b >> nA) by 
2nk nA 
O, > =, tad = 114.6 Pu degrees, n=1,2,3,... (12-272) 


The first-null beamwidth (FNBW) is obtained by letting n = 1. 
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The half-power point occurs when (see Appendix I) 


kb , 
ty sin O|g=9, = 1.391 (12-28) 
or at an angle of 
. 1 [2.782 . 1 (0.4434 
0, = sin ——— | =sin rad 
kb b 
(12-282) 
. 4 (0.4434 
= 57.3 sin degrees 


If b > 0.443A, (12-28a) reduces approximately to 
À A 
[e (0.4437) rad = 25.38 G) degrees (12-28b) 


Thus the total half-power beamwidth (HPBW) is given by 


À . _ı (0.443) 
rad = 114.6 sin " degrees (12-29) 


or approximately (when b > 0.4434) by 


A A 
O, = (0.8867) rad = 50.8 G) degrees (12-29a) 


The maximum of the first side lobe occurs when (see Appendix I) 
kb . 
3 sin 0 |o—e, = 4.494 (12-30) 
or at an angle of 
8.988 1.434 1.434 
6, = sin! (=) = sin! (=) rad = 57.3 sin! (=>) degrees (12-30a) 


If b > 1.434, (12-30a) reduces to 
A A 
0, > 1.43 G) rad = 81.9 G) degrees (12-30b) 
The total beamwidth between first side lobes (FSLBW) is given by 


EE 2L (148A 
9, = 20, = 2sin ES rad = 114.6 sin EF degrees (12-30c) 


c29 


TABLE 12.1 Equivalents, Fields, Beamwidths, Side Lobe Levels, and Directivities of Rectangular Apertures 


Uniform Distribution Aperture Uniform Distribution Aperture TE;o-Mode Distribution Aperture 
on Ground Plane in Free-Space on Ground Plane 


" | —a/2 < x' < a/2 y —a/2 < x' < a/2 —a/2 < x' < a/2 
yO 


Aperture distribution of E, = à, ] S ! 
tangential components —b/2 < y <b/2 —b/2 < y < b/2 g —b/2< y < b/2 


(analytical) 


Aperture distribution of 
tangential components 
(graphical) 


—a/2 € x' < a/2 M, = —û x E, | —a/2 < x' < a/2 —2ñ x E, | -a/2 < x' <a/2 
—b/2 < y < b/2 —b/2 < y' < b/2 


elsewhere Js = â x H, cCHASYy Sb elsewhere 


Equivalent 


everywhere M, ~ J, ~ 0 elsewhere p= everywhere 


Far-zone fields E, =H, =0 


cos X sin Y 


av-(2) " 


cos X sin Y 
zn? y 

x? - (2) 
(X) 2 


x ka . e $ E Csi jonx sin Y Ce. "mm pium sin Y Te ing 
= — sin@ cos = Csin — sin cos sin 
2 ? X Y 2 X Y 


Y kb . NN E C 5 ge sin Y C éd pe sin Y E up T $ 
= — siné sin = C cos 0 cos — cos cos = ——C cosÓ cos 
2 ii X Y 2 X Y ESO 


„abk Ege 7 = —Eg/n = —Eş/n Ay = —Eg/n 
nr = Een = Esfn Hs = Eo/n 


£49 


Half-power 
beamwidth 
(degrees) 


First null 
beamwidth 
(degrees) 


First side lobe 
max. (to main 
max.) (dB) 


Directivity Do 
(dimensionless) 
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or approximately (when b > 1.434) by 


À À 
O, c 2.86 G) rad = 163.8 G) degrees (12-30d) 


D. Side Lobe Level 
The maximum of (12-24b) at the first side lobe is given by (see Appendix I) 


sin(4.494) 
4.494 


|E5(0 = 0,)| = = 0.217 2 —13.26 dB (12-31) 


which is 13.26 dB down from the maximum of the main lobe. 

An approximate value of the maximum of the first side lobe can be obtained by 
assuming that the maximum of (12-24b) occurs when its numerator is maximum. That 
is, when 


kb 3 
sin lana, = T (12-32) 


Thus, 


1 
|Eo(8 = 6,)| ~ ——~ = 0.212 = —13.47 dB (12-33) 


37/2 


These values are very close to the exact ones given by (12-31). 

A similar procedure can be followed to find the nulls, 3-dB points, beamwidth 
between nulls and 3-dB points, angle where the maximum of first side lobe occurs, and 
its magnitude at that point for the H-plane pattern of (12-25b). A comparison between 
the E- and H-plane patterns of (12-24b) and (12-25b) shows that they are similar in 
form except for the additional cos @ term that appears in (12-25b). An examination of 
the terms in (12-25b) reveals that the cos@ term is a much slower varying function 
than the sin(ka sin 0/2)/(ka sin 0/2) term, especially when a is large. 

As a first approximation, (12-26)—(12-33), with b replaced by a, can also be used 
for the H-plane. More accurate expressions can be obtained by also including the cos 0 
term. In regions well removed from the major lobe, the inclusion of the cos@ term 
becomes more essential for accurate results. 


E. Directivity 
The directivity for the aperture can be found using (12-23a)-(12-23c), 
(12-13)-(12-13a), and (2-19)-(2-22). The analytical details using this procedure, 
especially the integration to compute the radiated power (P,aq), are more cumbersome. 
Because the aperture is mounted on an infinite ground plane, an alternate and much 
simpler method can be used to compute the radiated power. The average power density 
is first formed using the fields at the aperture, and it is then integrated over the physical 
bounds of the opening. The integration is confined to the physical bounds of the 
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opening. Using Figure 12.7 and assuming that the magnetic field at the aperture is 
given by 


a Eo 
H, = —à,— (12-34) 
7 
where 1 is the intrinsic impedance, the radiated power reduces to 
(12-35) 


| Eg]? | Eo]? 
Pad Ww ds = ds = ab 
2n 2n 
S Sa 


The maximum radiation intensity (Umax), using the fields of (12-23a)—(12-23b), 
occurs toward 0 = 0° and it is equal to 


ab |Eo|? 
Umax = | — (12-36) 
À 2n 


Thus the directivity is equal to 


4r 4r An 
= —ab = —Ap= — Aem (12-37) 


(0X a2 P R 


where 


Ap = physical area of the aperture 
Aem = Maximum effective area of the aperture 


Using the definition of (2-110), it is shown that the physical and maximum effective 
areas of a constant distribution aperture are equal. 

The beamwidths, side lobe levels, and directivity of this and other apertures are 
summarized in Table 12.1. 


Example 12.2 


A rectangular aperture with a constant field distribution, with a = 34 and b = 2A, is mounted 
on an infinite ground plane. Compute the 


a. FNBW in the E-plane 

b. HPBW in the £-plane 

c. FSLBW in the E-plane 

d. FSLMM in the E-plane 

e. directivity using (12-37) 

f. directivity using the Directivity computer program at the end of Chapter 2, 
the fields of (12-23a)—(12-23f), and the formulation of Section 12.4 
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Solution: 
a. Using (12-27) 

©; = 114.6 sin”! (1) = 114.6(0.524) = 60° 
b. Using (12-29) 


0.443 
©, = 114.6sin ! (>) = 114.6(0.223) = 25.6° 


c. Using (12-30c) 
saI 5 
©, = 20, = 114.6sin oes 114.6(0.796) — 91.3 


d. Using (12-31) 
| Eo|o-o, = 0.217 ~ —13.26 dB 


e. Using (12-37) 
Do = 47 (3)(2) = 75.4 = 18.77 dB 


f. Using the computer program at the end of Chapter 2 


Do = 80.4 = 19.05 dB 


The difference in directivity values using (12-37) and the computer program is not attributed 
to the accuracy of the numerical method. The main contributor is the aperture tangential 
magnetic field of (12-34), which was assumed to be related to the aperture tangential electric 
field by the intrinsic impedance. Although this is a good assumption for large size apertures, 
it is not exact. Therefore the directivity value computed using the computer program should 
be considered to be the more accurate. 


12.5.2 Uniform Distribution in Space 


The second aperture examined is that of Figure 12.7 when it is not mounted on an 
infinite ground plane. The field distribution is given by 


E, = ay Eo —aj[2 < x' < aj2 
. Eo (12-38) 
Ha = à. —b/2<y <b/2 


where Eg is a constant. The geometry of the opening for this problem is identical to 
the previous one. However the equivalents and radiated fields are different, because 
this time the aperture is not mounted on an infinite ground plane. 
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A. Equivalent 

To form the equivalent, a closed surface is chosen which again extends from —oo to 
+oo on the x-y plane. Over the entire surface J; and M, are formed. The difficulty 
encountered in this problem is that both J; and M, are not zero outside the opening, 
and expressions for them are not known there. The replacement of the semi-infinite 
medium to the left of the boundary (negative z) by an imaginary electric or magnetic 
conductor only eliminates one or the other current densities (J; or Ms) but not both. 
Thus, even though an exact equivalent for this problem exists in principle, it cannot 
be used practically because the fields outside the opening are not known a priori. We 
are therefore forced to adopt an approximate equivalent. 

The usual and most accurate relaxation is to assume that both E, and H, (and in 
turn M, and Js) exist over the opening but are zero outside it. It has been shown, 
by comparison with measurements and other available data, that this approximate 
equivalent yields the best results. 


B. Radiated Fields 
Using a procedure similar to that of the previous section, the radiation characteristics 
of this aperture can be derived. A summary of them is shown in Table 12.1. 

The field components of this aperture are identical in form to those of the aperture 
when it is mounted on an infinite ground plane if the (1 + cos0) term in each component 
is replaced by 2. Thus for small values of 0 (in the main lobe and especially near its 
maximum), the patterns of the two apertures are almost identical. This procedure can 
be used, in general, to relate the fields of an aperture when it is and it is not mounted 
on an infinite ground plane. However, the coordinate system chosen must have the 
z-axis perpendicular to the aperture. 

A three-dimensional pattern for an aperture with a = 3A, b = 2X was computed, and 
it is shown in Figure 12.11. The dimensions of this aperture are the same as those of 
Figure 12.8. However the angular limits over which the radiated fields now exist have 
been extended to 0° < 0 « 180°. Although the general structures of the two patterns 
are similar, they are not identical. Because of the enlarged space over which fields now 
exist, additional minor lobes are formed. 


C. Beamwidths and Side Lobe Levels 

To find the beamwidths and the angle at which the maximum of the side lobe occurs, 
it is usually assumed that the (1 4- cos0) term is a much slower varying function 
than the sin(ka sin 0/2)/(ka sin 0/2) or the sin(kb sin0/2)/ (kb sin0/2) terms. This is 
an approximation, and it is more valid for large apertures (large a and/or b) and for 
angles near the main maximum. More accurate results can be obtained by considering 
the (1 + cos0) term. Thus (12-26)—(12-33) can be used, to a good approximation, to 
compute the beamwidths and side lobe level. A summary is included in Table 12.1. 


D. Directivity 
Although the physical geometry of the opening of this problem is identical to that of 
Section 12.5.1, their directivities are not identical. This is evident by examining their 
far-zone field expressions or by realizing that the fields outside the aperture along the 
x-y plane are not exactly the same. 

To derive an exact expression for the directivity of this aperture would be a very 
difficult task. Since the patterns of the apertures are nearly the same, especially at the 
main lobe, their directivities are almost the same. To verify this, an example is taken. 
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Figure 12.11  Three-dimensional field pattern of a constant field rectangular aperture (a = 34, 
b — 22). 


Example 12.3 


Repeat the problem of Example 12.2 for an aperture that is not mounted on an infinite 
ground plane. 

Solution: Since the E-plane patterns of the two apertures are identical, the FNBW, HPBW, 
FSLBW, and FSLMM are the same. The directivities as computed by (12-37), are also the 
same. Since the fields radiated by the two apertures are not identical, their directivities 
computed using the far-zone fields will not be exactly the same. Therefore for this problem 


Do = 81.16(dimensionless) = 19.09 dB 


As with Example 12.2, the directivities computed using (12-37) and the computer program 
do not agree exactly. For this problem, however, neither one is exact. For (12-37), it has 
been assumed that the aperture tangential magnetic field is related to the aperture tangential 
electric field by the intrinsic impedance n. This relationship is good but not exact. For the 
computer program, the formulation is based on the equivalent of this section where the 
fields outside the aperture were assumed to be negligible. Again this is a good assumption 
for some problems, but it is not exact. 
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A summary of the radiation characteristics of this aperture is included in Table 12.1 
where it is compared with that of other apertures. 


12.5.8 TE9-Mode Distribution on an Infinite Ground Plane 


In practice, a commonly used aperture antenna is that of a rectangular waveguide 


mounted on an infinite ground plane. At the opening, the field is usually approximated 
by the dominant TE;9-mode. Thus 


x —a/2 < x' € +a/2 
E, = â, Eo cos (Zx') (12-39) 

a —b/2 < y' < +b/2 

A. Equivalent, Radiated Fields, Beamwidths, and Side Lobe Levels 
Because the physical geometry of this antenna is identical to that of Figure 12.7, their 


equivalents and the procedure to analyze each one are identical. They differ only in 
the field distribution over the aperture. 


The details of the analytical formulation are not included. However, a summary of its 
radiation characteristics is included in Table 12.1. The E-plane pattern of this aperture 
is identical in form (with the exception of a normalization factor) to the E-plane of the 
aperture of Section 12.5.1. This is expected, since the TE;9-mode field distribution along 


Relative 
magnitude 


= 
SSS 


CUm 
c 


= 


25 


See 


A A 
LA 
DLL 


eT 


T. 


2S 
t= 
ge 


FEF 
no 


CS 
cA 


SSE. 
ES 
T 


A ' 
f? 
MN l| 
THAN 
MANN i 
AN, 


ates 


6 
H-plane (x-z, ¢ = 0°) E-plane (y-z, à = 90°) 


Figure 12.12 Three-dimensional field pattern of a TE;9-mode rectangular waveguide mounted 
on an infinite ground plane (a = 3A, b = 22). 


680 APERTURE ANTENNAS 


the E-plane (y-z plane) is also a constant. That is not the case for the H-plane or at all 
other points removed from the principal planes. To demonstrate that, a three-dimensional 
pattern for the TE;o-mode aperture with a = 3A, b = 24 was computed and it is shown 
in Figure 12.12. This pattern should be compared with that of Figure 12.8. 

The expressions for the beamwidths and side lobe level in the E-plane are identical 
to those given by (12-26)-(12-33). However those for the H-plane are more com- 
plex, and a simple procedure is not available. Computations for the HPBW, FNBW, 
FSLBW, FSLMM in the E- and H-planes were made, and they are shown graphically 
in Figures 12.13 and 12.14. 

When the same aperture is not mounted on a ground plane, the far-zone fields do 
not have to be re-derived but rather can be written by inspection. This is accomplished 
by introducing appropriately, in each of the field components (Eg and Eg) of the 
fourth column of Table 12.1, a (1 + cos @)/2 factor, as is done for the fields of the two 
apertures in the second and third columns. This factor is appropriate when the z-axis 
is perpendicular to the plane of the aperture. Other similar factors will have to be used 
when either the x-axis or y-axis is perpendicular to the plane of the aperture. 


B. Directivity and Aperture Efficiency 
The directivity of this aperture is found in the same manner as that of the uniform 
distribution aperture of Section 12.5.1. Using the aperture electric field of (12-39), and 
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Figure 12.13 E-plane beamwidths and first side lobe relative maximum magnitude for 
TE,o-mode rectangular waveguide mounted on an infinite ground plane. 
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Figure 12.14 H-plane beamwidths and first side lobe relative maximum magnitude for 


TE;o-mode rectangular waveguide mounted on an infinite ground plane. 


assuming that the aperture magnetic field is related to the electric field by the intrinsic 


impedance 1, the radiated power can be written as 


| Eo? 
Paa = B Way: ds = ab 
4n 

S 


The maximum radiation intensity occurs at 0 = 0°, and it is given by 


8 
Umax = p 


Thus the directivity is equal to 


? | Bol? 
4n 


ab 


À 


8 


Do = — 
m2 


(12-39a) 


(12-39b) 


(12-39c) 
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In general, the maximum effective area Aem is related to the physical area A, by 
Aem = €apAp, OS €ap <1 (12-40) 


where €,, is the aperture efficiency. For this problem e, = 8/7? ~ 0.81. The aperture 
efficiency is a figure of merit which indicates how efficiently the physical area of the 
antenna is utilized. Typically, aperture antennas have aperture efficiencies from about 
30% to 90%, horns from 35% to 80% (optimum gain horns have e; ~ 50%), and 
circular reflectors from 50% to 80%. 

For reflectors, the aperture efficiency is a function of many factors. The most promi- 
nent are the spillover, amplitude taper, phase distribution, polarization uniformity, 
blockage, and surface random errors. These are discussed in detail in Section 15.4.1 
of Chapter 15. 


12.5.4 Beam Efficiency 


The beam efficiency for an antenna was introduced in Section 2.10 and was defined 
by (2-53). When the aperture is mounted on the x-y plane, the beam efficiency can 
be calculated using (2-54). The beam efficiency can be used to judge the ability of 
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Figure 12.15 Beam efficiency versus half-cone angle 6,, for a square aperture with different 
field distributions. The aperture is not mounted on an infinite ground plane. (source: D. G. Fink 
(ed.), Electronics Engineers’ Handbook, Section 18 (by W. F. Croswell), McGraw-Hill, New 
York, 1975) 
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the antenna to discriminate between signals received through its main lobe and those 
through the minor lobes. Beam efficiencies for rectangular apertures with different aper- 
ture field distributions are plotted, versus the half-cone angle 6), in Figure 12.15 [11]. 
The uniform field distribution aperture has the least ability to discriminate between 
main lobe and minor lobe signals. The aperture radiates in an unbounded medium, and 
it is not mounted on an infinite ground plane. The lower abscissa scale is in terms 
of 0; (in degrees), and it should be used only when a = b = 204. The upper abscissa 
scale is in terms of u[u = (ka/2) sin 6, = (kb/2) sin @,], and it should be used for any 
square aperture. 


Example 12.4 


Determine the beam efficiency, within a cone of half-angle 0; = 10°, for a square aperture 
with uniform field distribution and with 


a. a = b = 20A 
[D gi -És 


Solution: 'The solution is carried out using the curves of Figure 12.15. 


a. When a = b = 202, the lower abscissa scale can be used. For 0; = 10°, the 
efficiency for the uniform aperture is about 94%. 


b. For a = b = 34 and 0, = 10° 


ka , 5 
u= e — 3z sin(10 ) — 1.64 


Using the upper abscissa scale, the efficiency for the uniform aperture at u — 1.64 is 
about 58%. 


An antenna array of slotted rectangular waveguides used for the AWACS airborne 
system is shown in Figure 6.27. It utilizes waveguide sticks, with slits on their narrow 
wall. 

A MATLAB computer program, designated as Aperture, has been developed to com- 
pute and display different radiation characteristics of rectangular and circular apertures. 
The description of the program is found in the corresponding READ ME file included 
in the CD attached to the book. 


12.6 CIRCULAR APERTURES 


A widely used microwave antenna is the circular aperture. One of the attractive features 
of this configuration is its simplicity in construction. In addition, closed form expres- 
sions for the fields of all the modes that can exist over the aperture can be obtained. 
The procedure followed to determine the fields radiated by a circular aperture is iden- 
tical to that of the rectangular, as summarized in Section 12.3. The primary differences 
lie in the formulation of the equivalent current densities (J,, Jy, Jz, Mx, My, M;), the 
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differential paths from the source to the observation point (r' cos y), and the differen- 
tial area (ds’). Before an example is considered, these differences will be reformulated 
for the circular aperture. 

Because of the circular profile of the aperture, it is often convenient and desirable 
to adopt cylindrical coordinates for the solution of the fields. In most cases, therefore, 
the electric and magnetic field components over the circular opening will be known 
in cylindrical form; that is, Ep, Eg, Ez, Hp, Ha, and H;. Thus the components of 
the equivalent current densities M, and J, would also be conveniently expressed in 
cylindrical form (Mp, Mg, Mz, Jp, Jo, Jz). In addition, the required integration over 
the aperture to find No, Ny, Lo, and Ly of (12-12a)-(12-12d) should also be done in 
cylindrical coordinates. It is then desirable to reformulate r'cos w and ds’, as given 
by (12-15a)—(12-16c). 

The most convenient position for placing the aperture is that shown in Figure 12.16 
(aperture on x-y plane). The transformation between the rectangular and cylindrical 
components of J; is given by (see Appendix VII) 


J, cos?’ —sing’ 0 Jp 
Jy | =| sing’ cos¢’ O0 Jy (12-41a) 
Jz 0 0 1 Jo 


Figure 12.16 Circular aperture mounted on an infinite ground plane. 
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A similar transformation exists for the components of M;. The rectangular and cylin- 
drical coordinates are related by (see Appendix VII) 


x! = p! cos Q' 


y = p’sing’ (12-41b) 


Using (12-41a), (12-12a)-(12-12d) can be written as 


No = [[ ^ cos 0 cos($ — $^) + Jẹ cos 6 sin($ — 9") — J, sin6] 
S 


x etik" cos y ds’ (12-42a) 
No = if Il [—J, sin($ — $^) + Jp coslo — p) Jet V ds! (12-42b) 
S 
Lg = fo cos 8 cos(ġ — 9") + Mọ cos @ sin($ — $^) — M, sin 0] 
S 


x eti" eov qu (12-42c) 


L,- J [-M, sin($ — 4^) + Mg cos(ó — p'et} Y ds! (12-42d) 
S 


where r’ cos y and ds’ can be written, using (12-15c) and (12-41b), as 


r' cos y = x' sin cos + y sin0 sing = p'sin0 cos(¢ — $^) (12-432) 


ds’ = dx' dy' = p! dp! dj! (12-43b) 


In summary, for a circular aperture antenna the fields radiated can be obtained by 
either of the following: 


1. If the fields over the aperture are known in rectangular components, use the same 
procedure as for the rectangular aperture with (12-43a) and (12-43b) substituted 
in (12-122a)- (12-124). 

2. If the fields over the aperture are known in cylindrical components, use the same 
procedure as for the rectangular aperture with (12-42a)-(12-42d), along with 
(12-432) and (12-43b), taking the place of (12-12a)- (12-124). 


12.6.1 Uniform Distribution on an Infinite Ground Plane 


To demonstrate the methods, the field radiated by a circular aperture mounted on an 
infinite ground plane will be formulated. To simplify the mathematical details, the field 
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over the aperture is assumed to be constant and given by 

E, =â, Eo posu (12-44) 
where Ep is a constant. 


A. Equivalent and Radiation Fields 
The equivalent problem of this is identical to that of Figure 12.7. That is, 


T —2ñ x E, = à,2Eo p'xa 
' [o elsewhere (12-45) 
Js= 0 everywhere 
Thus, 
No = Ng =9 (12-46) 
a 2x 
Lo = 2EocosÓ cos o Í p' | Í etiko sino cos—¢') aw do’ (12-47) 
0 0 
Because 


2z 
i etiko sin6cos(9—0) qo! = In Jolkp' sin 0) (12-48) 
0 
(12-47) can be written as 
Lo = 4n Ep cos 0 cos | Jo(kp' sin 6) p' do’ (12-49) 
0 


where Jo(t) is the Bessel function of the first kind of order zero. Making the substitution 


t= kp’ sind 
dt = ksin@ dp! (12-49a) 
reduces (12-49) to 
ppa aa [oet ai (12-49b) 
6k sin 6)2 a 
Since 
p B 
Í zh(dz=2h@| - BA) (12-50) 
0 0 


where Jı (£) is the Bessel function of order one, (12-49b) takes the form of 


(12-51) 


J\ (ka sin 0 
Lg = Az a? Eo [eso cos ġo EMI 


ka sin 0 
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Similarly 


(12-52) 


J (ka sin 6 
Ly = 4ra? Eo sing GI 


ka sin 0 


Using (12-46), (12-51), and (12-52), the electric field components of (12-10a)— 
(12-10c) can be written as 


E, =0 (12-532) 
ka? Ege) Ji(ka sin 8 
E get x {sing EMI (12-53b) 
r ka sin@ 
ka? Ege Jı (ka sin 8 
Eg = pe LOS {cose cos $ EM (12-53c) 
ka sin 0 


In the principal E- and H-planes, the electric field components simplify to 
E -Plane ($ = 2/2) 


E, = Ey =0 (12-54a) 


.ka? Ege) * | Ji (ka sin 2] 


Eo =j (12-54b) 


r ka sin 0 


H -Plane (¢ = 0) 


E, = Ep =0 (12-55a) 


„ka? Ege) * Ji(ka sin 6) 
Ey = m= = {cose EMI (12-55b) 


A three-dimensional pattern has been computed for the constant field circular aper- 
ture of a — 1.54, and it is shown in Figure 12.17. The pattern of Figure 12.17 seems to 
be symmetrical. However closer observation, especially through the two-dimensional 
E- and H-plane patterns, will reveal that not to be the case. It does, however, possess 
characteristics that are almost symmetrical. 


B. Beamwidth, Side Lobe Level, and Directivity 
Exact expressions for the beamwidths and side lobe levels cannot be obtained eas- 
ily. However approximate expressions are available, and they are shown tabulated in 
Table 12.2. More exact data can be obtained by numerical methods. 

Since the field distribution over the aperture is constant, the directivity is given by 


4 4 4 2 2 cN? 
Do = Aem = =e Ap = = (ra?) = (=*) = (£) (12-56) 


A 


since the maximum effective area Aem is equal to the physical area A, of the aperture 
[as shown for the rectangular aperture in (12-37)]. 
A summary of the radiation parameters of this aperture is included in Table 12.2. 


o 
& 


TABLE 12.2 Equivalents, Fields, Beamwidths, Side Lobe Levels, and Directivities of Circular Apertures 


Aperture distribution of 
tangential components 
(analytical) 


Aperture distribution of 
tangential components 
(graphical) 


Equivalent 


Far-zone fields 


Z = kasinO 
. ka? Ege 
r 
C = 
Xj; = 1.841 


ka Eg Ji (xi eo" 
AMAT 


Uniform Distribution Aperture 
on Ground Plane 


p <a 

elsewhere 

everywhere 
E, =H, =0 


AC 
Es = jC, sing 2 


AG 
Ey = jCi cosa cos pO 
Ho = —Eg/n 
Hg = Eo/n 


TE,,-Mode Distribution Aperture 


on Ground Plane 


E, = â, Ep + âp Eg 
E, = EoJı (xi p/a) sin ġ'/p' 
Eg = EoJV (xj 0'/a) cos 9 


elsewhere 
everywhere 


E, = H, =0 


Z 
Eo = C5 UTC, 


A'(Z 
Eg = Cieói0 cond — LU 
1— (Z/xqi) 
Hy = —Esfn 
Hy = Ee /n 


J'(Z) = Jo(Z) — A(0C2/Z 
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Half-power 
beamwidth 
(degrees) 


First null 
beamwidth 
(degrees) 


First side lobe 
max. (to main 
max.) (dB) 


Directivity Do 
(dimensionless) 
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Figure 12.17 Three-dimensional field pattern of a constant field circular aperture mounted on 
an infinite ground plane (a = 1.54). 


12.6.2 TE4,-Mode Distribution on an Infinite Ground Plane 


A very practical antenna is a circular waveguide of radius a mounted on an infi- 
nite ground plane, as shown in Figure 12.16. However, the field distribution over the 
aperture is usually that of the dominant TE;,-mode for a circular waveguide given by 


E y 
E, = —h (3) sin $' 
p a 
E Ls Ji Xu y cos $ (12-57) 
0p a ` 
E, =0 
Xii = 1.841 


The analysis of this problem is assigned at the end of this chapter as an exercise to 
the reader (Problem 12.35). However, a three-dimensional pattern for a = 1.54 was 
calculated, and it is shown in Figure 12.18. This pattern should be compared with that 
of Figure 12.17 for the constant aperture field distribution. 

The beamwidths and the side lobe levels in the E- and H-planes are different, and 
exact closed-form expressions cannot be obtained. However, they can be calculated 
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Figure 12.18 — Three-dimensional field pattern of a TE;;-mode circular waveguide mounted on 
an infinite ground plane (a = 1.54). 


using iterative methods, and the data are shown in Figure 12.19 and 12.20 for the E- 
and H-planes, respectively. 

A summary of all the radiation characteristics is included in Table 12.2. When the 
same apertures of Table 12.2 are not mounted on a ground plane, the far-zone fields do 
not have to be re-derived but rather can be written by inspection. This is accomplished 
by introducing appropriately, in each of the field components (Eg and Eg) of the 
second and third columns of Table 12.2, a (1 + cos 0)/2 factor, as was done for the 
fields of the two apertures in the second and third columns of Table 12.1. 


12.6.8 Beam Efficiency 


Beam efficiency, as defined by (2-53) and calculated by (2-54), for circular apertures not 
mounted on infinite ground planes is shown in Figure 12.21 [11]. The lower abscissa 
scale (in degrees) is in terms of the half-cone angle 6, (in degrees), and it should be 
used only when the radius of the aperture is 20A(a = 20A). The upper abscissa scale 
is in terms of u(u = ka sin 01), and it should be used for any radius circular aperture. 

The procedure for finding the beam efficiency of a circular aperture is similar to 
that of a rectangular aperture as discussed in Section 12.5.4, illustrated in Figure 12.15, 
and demonstrated by Example 12.4. 

A MATLAB computer program, designated as Aperture, has been developed to com- 
pute and display different radiation characteristics of rectangular and circular apertures. 
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Figure 12.19  E-plane beamwidths and first side lobe relative maximum magnitude for 
TE;,-mode circular aperture mounted on an infinite ground plane. 


The description of the program is found in the corresponding READ ME file included 
in the CD attached to the book. 


12.7 DESIGN CONSIDERATIONS 


As is the case for arrays, aperture antennas can be designed to control their radiation 
characteristics. Typically the level of the minor lobes can be controlled by tapering 
the distribution across the aperture; the smoother the taper from the center of the 
aperture toward the edge, the lower the side lobe level and the larger the half-power 
beamwidth, and conversely. Therefore a very smooth taper, such as that represented 
by a binomial distribution or others, would result in very low side lobes but larger 
half-power beamwidths. In contrast, an abrupt distribution, such as that of uniform 
illumination, exhibits the smaller half-power beamwidth but the highest side lobe level 
(about - 13.5 dB). Therefore if it is desired to achieve simultaneously both a very 
low sidelobe level, as well as a small half-power beamwidth, a compromise has to be 
made. Typically an intermediate taper, such as that of a Tschebyscheff distribution or 
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Figure 12.20 H-plane beamwidths and first side lobe relative maximum magnitude for 
TE;,-mode circular waveguide mounted on an infinite ground plane. 


any other similar one, will have to be selected. This has been discussed in detail both 
in Chapter 6 for arrays and in Chapter 7 for continuous sources. These can be used to 
design continuous distributions for apertures. 

Aperture antennas, both rectangular and circular, can also be designed for satellite 
applications where the beamwidth can be used to determine the "footprint" area of 
the coverage. In such designs, it is important to relate the beamwidth to the size 
of the aperture. In addition, it is also important to maximize the directivity of the 
antennas within a desired angular sector defined by the beamwidth, especially at the 
edge of coverage (EOC) [12]. This can be accomplished, using approximate closed- 
form expressions, as outlined in [12]. This procedure was used in Section 6.11 of 
Chapter 6 for arrays, and it is applicable for apertures, both rectangular and circular. 


12.7.14 Rectangular Aperture 


For a rectangular aperture, of dimensions a and b, and with a uniform distribution, 
the procedure to determine the optimum aperture dimensions a,b to maximize the 
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Figure 12.21 Beam efficiency versus half-cone angle 61, for a circular aperture with different 
field distributions. The aperture is not mounted on an infinite ground plane. (source: D. G. Fink 
(ed.), Electronics Engineers' Handbook, Section 18 (by W. F. Croswell), McGraw-Hill, New 
York, 1975) 


directivity at an edge angle 0. of a given angular sector (0 < 0 < 0.) is identical 
to that outlined in Section 6.11. Thus to determine the optimum dimension P of the 
aperture so that the directivity is maximum at an edge-of-coverage angle 6ce of an 
angular sector 0 < 0 < 0,, in the E-plane is given by (6-105a), or 


X 
E-Plane: b= ——— 12-58 
ope 2 sin 0.0 eee) 


Similarly for the H-plane, the optimum dimension a is determined by 


A 


H-Plane: a = ———— 
2 sin Och 


(12-58b) 


where 6,, is the angle, in the H-plane, at the edge-of-coverage (EOC) angular sector 
where the directivity needs to be maximized. 

Since the aperture antenna is uniformly illuminated, the directivity of (6-103) based 
on the optimum dimensions of (12-582) and (12-58b) is 


D -4 UNE | 4n À Xr (12-59) 
uc QU Be 2 sin bse 2 sin ĝen 
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12.7.2 Circular Aperture 


A procedure similar to that for the rectangular aperture can be used for the circular 
aperture. In fact, it can be used for circular apertures with uniform distributions as well 
as tapered (parabolic or parabolic with a pedestal) [12]. 

For a circular aperture with uniform distribution, the normalized power pattern 
multiplied by the maximum directivity can be written as 


(12-60) 


2J (ka sin) ]? 
ka sin 


P(0) = 2ra} | 


The maximum value of (12-60) occurs when 0 = 0. However, for any other angle 
0 = 0,, the maximum of the pattern occurs when 


ka sin. = 1.841 (12-61) 


Or 
1.8414 À 


EN n Aà S 12-61 
Gand. 341 5nd: Sem 


Therefore to maximize the directivity at the edge 0 = 0. of a given angular sector 
0 x 0 < 0e, the optimum radius of the uniformly illuminated circular aperture must be 
chosen according to (12-612). 

The maximum value of (12-60), which occurs at 0 = 0, is equal to 


P(6 = O)Imax = (27a)? (12-62) 
while at the edge of the angular sector (0 = 6.) is equal to 


2(0.5818) 


2 
= 2 E 
184] | = (Qa) (0.3995) (12-63) 


P (0 = 8.) = ra)? | 


Therefore the value of the directivity at the edge of the desired coverage (0 = 0%), 
relative to its maximum value at 0 = 0, is 


P@=6) 


= 0.3995 = —3.985 dB (12-64) 
P(0 — 0) 


Since the aperture is uniformly illuminated, the directivity based on the optimum 
radius of (12-612) is 


4 4 1.844. \? 3.3893 1.079 
sae Me bu ( ) m = ds (12-65) 


c MM = cR = = 
a2 P? R 2x sin 0, sin? 0, sin? 0. 
A similar procedure can be followed for circular apertures with radial taper 
(parabolic) and radial taper squared of Table 7.2, as well as radial taper (parabolic) 
with pedestal. The characteristics of these, along with those of the uniform, are listed 


in Table 12.3. 
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TABLE 12.3 Edge-of-Coverage (EOC) Designs for Square and Circular Apertures 


Size 
Square: Side EOC Directivity 
Aperture Distribution Circular: Radius Directivity (relative to peak) 


À 
Square Uniform - = —3.920 dB 
2 sin@) sin? (0.) 
. i À 1.0867 
Circular Uniform —3.985 dB 
3.413 sin(6,) sin? (0,) 
À : 


f ; 1.2637 
Circular Parabolic taper — 5 —4.069 dB 
2.732 sin(0.) sin’ (0,) 


A 
Circular Parabolic taper 3.064 sin(8. = —4.034 dB 
with —10 dB SOAS) 
pedestal 


(SOURCE: K. Praba, “Optimal Aperture for Maximum Edge-of-Coverage (EOC) Directivity," IEEE Anten- 
nas & Propagation Magazine, Vol. 36, No. 3, pp. 72-74, June 1994. © (1994) IEEE) 


Example 12.5 


It is desired to design an aperture antenna, with uniform illumination, so that the directivity 
is maximized at an angle 30^ from the normal to the aperture. Determine the optimum 
dimension and its associated directivity when the aperture is 


a. Square 
b. Circular 


Solution: For a square aperture Oce = Oen. Therefore the optimum dimension, according 
to (12-582) or (12-58b), is 
À 
2 sin(30°) 
while the directivity, according to (12-59), is 


JU JT 


= —— = —— = 12.5664 = 10.992 dB 
sin? @. sin?(30?) 


The directivity at 9 = 30° is —3.920 dB from the maximum at 0 = 0°, or 7.072 dB. 
For a circular aperture the optimum radius, according to (12-61a), is 


Xr À 


SS 05868 
3.413 sin(30°) — 3.413(0.5) 


a 


while the directivity, according to (12-65), is 


1.0797 — 1.079 
Do = —— = — —— = 13.559 = 1132 dB 
sin^0,  sin“(30°) 


The directivity at 0 = 30° is —3.985 dB from the maximum at 0 = 0°, or 7.365 dB. 
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12.8 BABINET'S PRINCIPLE 


Now that wire and aperture antennas have been analyzed, one may inquire as to whether 
there is any relationship between them. This can be answered better by first introducing 
Babinet's principle which in optics states that when the field behind a screen with an 
opening is added to the field of a complementary structure, the sum is equal to the field 
when there is no screen. Babinet's principle in optics does not consider polarization, 
which is so vital in antenna theory; it deals primarily with absorbing screens. An 
extension of Babinet's principle, which includes polarization and the more practical 
conducting screens, was introduced by Booker [13], [14]. Referring to Figure 12.22(a), 
let us assume that an electric source J radiates into an unbounded medium of intrinsic 
impedance n = (m/e)! and produces at point P the fields Ey, Ho. The same fields 


p 


J enu * Ej, Ho, n = (ule)? 
(a) 
PEC 
P 2 
eu © E., He, n = (u/e)'? 


Perfect electric 
conductor 


(b) 


C 
P 1/2 
j enu * En, Hm, = (ule) 


(c) 


P 
B enu * Ey, Ha, na = (c/u)? 
M 


(d) 


Figure 12.22 Electric source in an unbounded medium and Babinet’s principle equivalents. 
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can be obtained by combining the fields when the electric source radiates in a medium 
with intrinsic impedance n = (j1/e)'/* in the presence of 


1. an infinite, planar, very thin, perfect electric conductor with an opening S,, which 
produces at P the fields E,, He [Figure 12.22(b)] 


2. a flat, very thin, perfect magnetic conductor Sa, which produces at P the fields 
Em, Hm [Figure 12.22(c)]. 


That is, 
Eo = E. + En 


Ho = He + Hn 


(12-66a) 


The field produced by the source in Figure 12.22(a) can also be obtained by com- 
bining the fields of 


1. an electric source J radiating in a medium with intrinsic impedance n = (w/e)! 
in the presence of an infinite, planar, very thin, perfect electric conductor S,, 
which produces at P the fields E,, H, [Figure 12.22(b)] 


2. a magnetic source M radiating in a medium with intrinsic impedance ng = 
(c/u)! in the presence of a flat, very thin, perfect electric conductor S4, which 
produces at P the fields E4, Hg [Figure 12.22(d)] 


That is, 
E, = E, + Hy 


Ho = H, — E; 


(12-66b) 


The dual of Figure 12.22(d) is more easily realized in practice than that of 
Figure 12.22(c). 

To obtain Figure 12.22(d) from Figure 12.22(c), J is replaced by M, E, by 
Ha, Hn by —E4,« by u, and u by e. This is a form of duality often used in 
electromagnetics (see Section 3.7, Table 3.2). The electric screen with the opening 
in Figure 12.22(b) and the electric conductor of Figure 12.22(d) are also dual. They 
are usually referred to as complementary structures, because when combined they form 
a single solid screen with no overlaps. A proof of Babinet’s principle and its extension 
can be found in the literature [5]. 

Using Booker’s extension it can be shown [13], [14] by referring to Figure 12.23, 
that if a screen and its complement are immersed in a medium with an intrinsic 
impedance 7 and have terminal impedances of Z, and Z,, respectively, the impedances 
are related by 


(12-67) 


To obtain the impedance Z. of the complement (dipole) in a practical arrangement, 
a gap must be introduced to represent the feed points. In addition, the far-zone fields 
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Figure 12.23 Opening on a screen and its complementary dipole. 


radiated by the opening on the screen (Egs, Egs, Hos, Hys) are related to the far-zone 
fields of the complement (Ege, Esc, Hoc, Ho.) by 


Eos = Hoc, Eos - Hsc, Ho, = Ev Ags nS, (12-68) 
0 


Infinite, flat, very thin conductors are not realizable in practice but can be closely 
approximated. If a slot is cut into a plane conductor that is large compared to the 
wavelength and the dimensions of the slot, the behavior predicted by Babinet’s principle 
can be realized to a high degree. The impedance properties of the slot may not be 
affected as much by the finite dimensions of the plane as would be its pattern. The 
slot of Figure 12.23(a) will also radiate on both sides of the screen. Unidirectional 
radiation can be obtained by placing a backing (box or cavity) behind the slot, forming 
a so-called cavity-backed slot whose radiation properties (impedance and pattern) are 
determined by the dimensions of the cavity. 

To demonstrate the application of Babinet’s principle, an example is considered. 


Example 12.6 


A very thin half-wavelength slot is cut on an infinite, planar, very thin, perfectly conducting 
electric screen as shown in Figure 12.24(a). Find its input impedance. Assume it is radiating 
into free-space. 

Solution: From Babinet’s principle and its extension we know that a very thin half- 
wavelength dipole, shown in Figure 12.24(b), is the complementary structure to the slot. 
From Chapter 4, the terminal (input) impedance of the dipole is Ze = 73 + j42.5. Thus the 
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Perfect electric 
conductor 


Transmission 
A2 feed line 


(a) A/2 thin slot (w > 0) 


Electric 
conductor 


Transmission 
A/2 feed line 


(b) 42 flat thin dipole (w + 0) 


Figure 12.24  Half-wavelength thin slot on an electric screen and its complement. 


terminal (input) impedance of the slot, using (12-67), is given by 


oc eee CEN edad 512 


ESTER ACTA OAS 
Z, c: 362.95 — 211.31 


The slot of Figure 12.24(a) can be made to resonate by choosing the dimensions 
of its complement (dipole) so that it is also resonant. The pattern of the slot is iden- 
tical in shape to that of the dipole except that the E- and H-fields are interchanged. 
When a vertical slot is mounted on a vertical screen, as shown in Figure 12.25(a), its 
electric field is horizontally polarized while that of the dipole is vertically polarized 
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N 


(a) A/2 slot on a screen 


E 


E w 


(b) 4/2 flat dipole 


Figure 12.25 Radiation fields of a 4/2 slot on a screen and of a A/2 flat dipole. (source: J. D. 
Kraus, Antennas, McGraw-Hill, New York, 1988, Chapter 13) 


[Fig. 12.25(b)]. Changing the angular orientation of the slot or screen will change the 
polarization. 

The slot antenna, as a cavity-backed design, has been utilized in a variety of law 
enforcement applications. Its main advantage is that it can be fabricated and con- 
cealed within metallic objects, and with a small transmitter it can provide covert 
communications. There are various methods of feeding a slot antenna [15]. For proper 
operation, the cavity depth must be equal to odd multiples of A,/4, where A, is the 
guide wavelength. 


12.9 FOURIER TRANSFORMS IN APERTURE ANTENNA THEORY 


Previously the spatial domain analysis of aperture antennas was introduced, and it was 
applied to rectangular and circular apertures radiating in an infinite, homogeneous, 
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lossless medium. The analysis of aperture antennas mounted on infinite ground planes, 
covered with lossless and/or lossy dielectric media, becomes too complex when it is 
attempted in the spatial domain. Considerable simplification can result with the utility 
of the frequency (spectral) domain. 


12.9.1 Fourier Transforms-Spectral Domain 


From Fourier series analysis, any periodic function f(x) with a period T can be repre- 
sented by a Fourier series of cosine and sine terms. If the function f(x) is aperiodic and 
exists only in the interval of 0 < x < T, a Fourier series can be formed by construct- 
ing, in a number of ways, a periodic function. The Fourier series for the constructed 
periodic function represents the actual aperiodic function f(x) only in the interval 
0 < x < T. Outside this space, the aperiodic function f(x) is zero and the series rep- 
resentation is not needed. A Fourier series for f(x) converges to the values of f(x) 
at each point of continuity and to the midpoint of its values at each discontinuity. 

In addition, f(x) can also be represented as a superposition of discrete complex 
exponentials of the form 


+00 
TOE au UTR (12-69) 
1 RE ; 
=F f faet dx (12-69a) 
0 


or of continuous complex exponentials of the form 


1 TOS : 
Foxy a i Fe’ dw — < e < oo (12-702) 
T 


—0O 
whose inverse is given by 


-Foo 
Flw) = f(xyeti dx  —oo < x < +00 (12-70b) 


The integral operation in (12-70a) is referred to as the direct transformation and that 
of (12-70b) as the inverse transformation and both form a transform pair. 
Another useful identity is Parseval’s theorem, which for the transform pair, can be 


written as 
+oo 1 


+00 
f (x)g* (x) dx = =| F(w)G* (v) dw (12-71) 


where * indicates complex conjugate. 
From the definitions of (12-70a), (12-70b) and (12-71), the Fourier transforms can 
be expanded to two dimensions and can be written as 


1 +00 +00 . 
fey- T f / S (c, œ) J 9*9» doi day (12-72a) 
—oo —oo 


+œ poo 
SF (a, 2) = J fx, yet i@ixtery) dx dy (12-72b) 


—oo0 —oo0 
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+00 +00 
/ Fx, y)e"(x, y) dx dy 


1 +00 +00 (12-72c) 
x An? J F(@1, ©2)G* (c1, @2) da, da 
12 Jos Joss 


The process can be continued to n dimensions. 

The definitions, theorems, and principles introduced will be utilized in the sections 
that follow to analyze the radiation characteristics of aperture antennas mounted on 
infinite ground planes. 


12.9.2 Radiated Fields 


To apply Fourier transforms (spectral techniques) to the analysis of aperture antennas, 
let us consider a rectangular aperture of dimensions a and b mounted on an infinite 
ground plane, as shown in Figure 12.26. In the source-free region (z > 0), the field 
E(x, y, z) of a monochromatic wave radiated by the aperture can be written as a 
superposition of plane waves (all of the same frequency, different amplitudes, and 
traveling in different directions) of the form f(k,, k,)e ier [16], [17]. The function 
f(kx, ky) is the vector amplitude of the wave, and k, and ky are the spectral frequencies 
which extend over the entire frequency spectrum (—oo < kx, ky < co). Thus the field 
E(x, y, z) can be written as 


1 +oo +oo , 
E(x, y) = 75 f / f(k,, ky)e 7** dk, dky (12-73) 


according to the definition of (12-72a). The object of a plane wave expansion is to 
determine the unknown amplitudes f(k,, k,) and the direction of propagation of the 
plane waves. Since 

r=4,x+4y+4,z (12-74) 


(a) Uncovered aperture (b) Dielectric-covered aperture 


Figure 12.26 Rectangular apertures mounted on infinite ground planes. 
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and the propagation factor k (often referred to as the vector wavenumber) can be 
defined as 

k = Ak, + ayky + 4,k, (12-75) 


(12-73) can be written as 


1 +00 +00 . . 
E(x, y, z) = = f / [Php K,)e 7 *]g 3 e 59 dk dky. (12-76) 
—oo —oo 


The part of the integrand within the brackets can be regarded as the transform of 
E(x, y, z). This allows us to write the transform pair as 


+00 +00 


1 
E(x,y,z)— a f E kes ky, z)e J” dky dky (12-77a) 


=00 -00 


+00 +00 ; 
$(k,, ky, z) = f J E(x, y, 2e */ **5» dx dy (12-77b) 
—oo J—oo 


where 


€(k,, ky, z) = f(k,, k,)e 7 (12-77c) 


In principle then, according to (12-77a) and (12-77b) the fields radiated by an 
aperture E(x, y, z) can be found provided its transform € (kx, ky, z) is known. To this 
point the transform field €(k,, ky, z) can only be found provided the actual field E(x, y, 
z) is known a priori. In other words, the answer must be known beforehand! However, 
as it will be seen from what follows, if the transform field at z = 0 


Elke, ky, z = 0) = flkr, ky) (12-78) 


is formed, it will be sufficient to determine E(x, y, z). To form the transform 

E(k,, ky, z = 0) = f(k,, ky), it will be necessary and sufficient to know only the 

tangential components of the E-field at z — 0. For the problem of Figure 12.26(a), 

the tangential components of the E-field at z = 0 exist only over the bounds of the 

aperture (they vanish outside it because of the presence of the infinite ground plane). 
In general 


f(k,, ky) = Ay fy (kx, ky) + Ay fy (kx, ky) + âz f. ky) (12-79) 
which can also be written as 


(ky, ky) = fi (kx, ky) + âz f: (kx, ky) (12-79a) 
f, (kx, ky) = ay fy (kx, ky) + ây fy (kx, ky) (12-79b) 


For aperture antennas positioned along the x-y plane, the only components of 
f(k,, ky) that need to be found are fy and fy. As will be shown in what follows, 
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f. can be found once f, and f, are known. This is a further simplification of the 
problem. The functions f, and f, are found, using (12-77a) and (12-77b), provided 
the tangential components of the E-field over the aperture (Eya and E),) are specified. 
The solution of (12-77c) is valid provided the z variations of E(k,, ky, z) are separable. 
In addition, in the source-free region the field E(x, y, z) of (12-77a) must satisfy the 
homogeneous vector wave equation. These allow us to relate the propagation constant 


k; to kx, ky and k = (epe), by 


ko = kb? — (k +k?) (12-80) 

or 
+ [k? — (k? + K2)]!7. when E? > k? + k? (12-802) 
Tike jl +K) — K°]"? when E? < k? + k? (12-80b) 


This is left as an exercise to the reader. The form of k, as given by (12-80a) contributes 
to the propagating waves (radiation field) of (12-76) and (12-77a) whereas that of (12- 
80b) contributes to the evanescent waves. Since the field in the far zone of the antenna 
is of the radiation type, its contribution comes from the part of the ky, ky spectrum 
which satisfies (12-80a). The values of ky and ky in (12-80)—(12-80b) are analogous 
to the eigenvalues for the fields inside a rectangular waveguide [12]. In addition, k, is 
analogous to the propagation constant for waveguides which is used to define cutoff. 

To find the relation between f; and fx, fy, we proceed as follows. In the source-free 
region (z > 0) the field E(x, y, z), in addition to satisfying the vector wave equation, 
must also be solenoidal so that 


1 Foo +oo . 
V.E, y 22 V: {— J » fü. ke" dk dk,| — 0 — (12-8 
An? —oo —oo 
Interchanging differentiation with integration and using the vector identity 
V-(@A)=aV-A+A-Va (12-82) 
reduces (12-81) to 
1 +00 +00 . 
— l l [f - V(e ™")] dk, dk, = 0 (12-83) 
4n? Jos Joo 


since V - f(k,, ky) = 0. Equation (12-83) is satisfied provided that 


f. Ve JT = — jf. ke" =0 (12-84) 
or 
f-k=(f,+4,f,)-k=0 (12-84a) 
Y fk (fake fk) 
f- ELM _ Ukk + fyky) (12-84b) 
kz kz 


From (12-84b) it is evident that f; can be formed once f, and f, are known. 
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All three components of f (f,, f, and fz) can be found, using (12-77b) and (12-78), 
provided the two components of E (Ex, E,) at z = 0, which is the plane of the aperture 
and ground plane of Figure 12.26(a), are known. Because E, and E, along the z = 0 
plane are zero outside the bounds of the aperture (|x| > a/2, |y| > 5/2), (12-77b) and 
(12-78) reduce for f, and f, to 


+b/2 pt+a/2 mE ' 
fx (ks, ky) = J i) Exa(x’, y, zm Oot i kx TE) dy! dy (12-852) 


b/2 a/2 
+b/2 pt+a/2 . ; ; 

fk) f / Ex ye = Qet E t) quang (12-85b) 
—b[2 J—a/2 


where primes indicate source points. Exq(x’, y’, z’ = 0) and E,4(x', y’, z’ = 0), which 
represent the tangential components of the electric field over the aperture, are the only 
fields that need to be known. Once f, and f, are found by using (12-85a) and (12-85b), 
f; and €(k,, ky, z) can be formed using (12-84a) and (12-77c), respectively. Thus, the 
solution for E(x, y, z) for the aperture in Figure 12.26(a) is given by 


1 ; | 
E(x, y,z) = pe I pgs (kx, ky, ze i Cos» dk, dky 
k 2 (2442) 12 


Sk ze E dk, dky (12-86) 


35 OHi1ÓÀ 
k,—— [HE - E 


Fh eet oo PPE REN os 
m m E NT eae? (=+ )] gite (12-862) 


where f, and f, are given by (12-85a) and (12-85b). 
In summary, the field radiated by the aperture of Figure 12.26(a) can be found by 
the following procedure: 


1. Specify the tangential components of the E-field (Eya and Eya) over the bounds 
of the aperture. 


. Find f, and f, using (12-852) and (12-85b), respectively. 
. Find f, using (12-84b). 

. Find (k,, ky, z) using (12-86a). 

. Formulate E(x, y, z) using (12-86). 


nA RU N 


This completes the solution for E(x, y, z). However, as is evident from (12-86), 
the integration is quite difficult even for the simplest of problems. However, if the 
observations are restricted in the far-field region, many simplifications in performing 
the integrations can result. This was apparent in Chapters 4, 5 and in others. In many 
practical problems, the far zone is usually the region of greatest importance. Since 
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it is also known that for all antennas the fields in the far zone are primarily of the 
radiated type (propagating waves), then only the first integral in (12-86) contributes in 
that region. 

In the next section, our attention is directed toward the evaluation of (12-86a) or 
(12-73) in the far-zone region (large values of kr). This is accomplished by eval- 
uating (12-73) asymptotically for large values of kr by the method of Stationary 
Phase [18], [19]. 

To complete the formulation of the radiated fields in all regions, let us outline the 
procedure to find H(x, y, z). From Maxwell’s equations 


1 
H(x, y, z) = —- V x E(x, y, z) 
jou 


1 1 -Foo -Foo ( 
= ———_V x E / f f(k,, k,)e J** dk, dk, (12-87) 
Jon T —oo —oo i : 


Interchanging integration with differentiation and using the vector identity 
V x (@A) =aV X Ac (Vo) xA (12-88) 


reduces (12-87) to 
H(x, y, z) = -—— f f (f x keI** dk, dk, (12-89) 
4r?kn Ja. J-oo : 
since V x f(k,, ky) = 0 and V(e J*") = — jke~/** from (12-84). 


12.9.3 Asymptotic Evaluation of Radiated Field 


The main objective in this section is the evaluation of (12-73) or (12-86a) for obser- 
vations made in the far-field. For most practical antennas, the field distribution on 
the aperture is such that an exact evaluation of (12-73) in closed form is not possible. 
However, if the observations are restricted to the far-field region (large kr), the integral 
evaluation becomes less complex. This was apparent in Chapters 4, 5, and others. The 
integral of (12-73) will be evaluated asymptotically for large values of kr using the 
method of Stationary Phase (Appendix VIII) [18], [19]. 

The stationary phase method assumes that the main contribution to the integral of 
(12-73) comes from values of ky and k, where k-r does not change for first order 
changes in k, and ky. That is to say k - r remains stationary at those points. For the 
other values of ky and ky, k - r changes very rapidly and the function e 7 Kr oscillates 
very rapidly between the values of +1 and —1. Assuming that f(k,, ky) is a slowly 
varying function of kx and ky, the integrand of (12-73) oscillates very rapidly outside the 
stationary points so that the contribution to the integral from that region is negligible. 
As the observation point approaches infinity, the contributions to the integral from the 
region outside the stationary points is zero. For practical applications, the observation 
point cannot be at infinity. However, it will be assumed to be far enough such that the 
major contributions come from the stationary points. 
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The first task in the asymptotic evaluation of (12-73) is to find the stationary points 
of k-r. For that, k-r is written as 


k -r = (ak, + àk, + à; k,)-À,r (12-90) 
Using the inverse transformation of (4-5), (12-90) can be written as 
k -r = r (k, sin0 cos ġ + ky sin@ sing + k; cos 0) (12-91) 


which reduces, using (12-80a) to 


k - r = r[kx sin 8 cos + ky sind sing + ,/k? — k2 — k? cos 0] (12-92) 


The stationary points can be found by 


POTE. d) (12-932) 
ak, 

OES EY n (12-93b) 
ok, 


Using (12-92) and (12-80), (12-932) and (12-93b) reduce to 


dun y =r (sino cos @ — i) =0 (12-94a) 
Oke E 

E (sno Gages ees 0) =0 (12-94b) 
ok, ks 


whose solutions are given, respectively, by 


k, = je eee (12-95a) 
'"  cos0 
ner 
pep (12-95b) 
cos 


Using (12-95a) and (12-95b), (12-80) can be written as 


. 2 6 
PaP+e4+R =k (1+ T (12-96) 
which reduces for k, to 
k; = kcos0 (12-97) 
With the aid of (12-97), the stationary point of (12-95a) and (12-95b) simplify to 


k, =ksin@cos¢@ = kı (12-98a) 
ky = ksin0 sing = kz (12-98b) 
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The function k - r can be expanded into a Taylor series, about the stationary point 
kı, k2, and it can be approximated by the zero, first, and second order terms. That is, 


a(k. a(k- 
k-r2vk-r DES) (ky — ki) + = (ky — kp) 
ky ky 0k, ki, ko 9k, ky ko 
189?(k-r) 2 19*(k-r) y 
a | Ke oe +: (ky — k2) 
2 ak? ky ko 2 ak} ky ka ° 
goes) (kı — ki)(k, — ko) (12-99) 
= x — Ky) (Ky — Ko - 
9k, Ok, |, K, á 


Since the second and third terms vanish at the stationary point k, = kı and ky = k2, 
(12-99) can be expressed as 


k-r=k-r — A£? — Bn? — CEn (12-100) 
ky ,ko 
where 
gale een (12-100a) 
= —- - a 
2 Ək fkt 
1 9*(k- 
_ _ 1a a (12-100b) 
2 Oke |e ky 
3? (k. 
Ga A (12-100c) 
9E Oley lod 
& = (kx — kı) (12-100d) 
n= (ky — ky) (12-100e) 


Using (12-97)-(12-98b), (12-90) reduces to 


= kr (12-101) 


ky ky 


Similarly, with the aid of (12-92), A, B, and C can be written, after a few manipula- 
tions, as 


10°(k-r) r sin? 0 cos? $ 

— =f Ee 12-102 
2 o |, 2k \ ^ cos8 MINUM 
1a°(k- in^ 0 sin? 

OES ace ug (12-102b) 
2 EL cis 2k cos? 6 
8?^(k - r) r sin? 0 . 

————— = ——— —- cos $ sin $ (12-102c) 
Ok,0k, [kz — kcos?0 
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Thus (12-73) can be approximated around the stationary point ky = kı and ky = ko, 
which contributes mostly to the integral, by 


1 , 
BG. y, 2) = cs ff fü = kas ky = ke rto mtem ag am (12-103) 
$15 


or 


1 : m 
E(x, y, z) = pret ke jkr Ronni dé dn (12-103a) 
$12 


where Sj. is the surface near the stationary point. 
The integral of (12-103a) can be evaluated with the method of Stationary Phase. 
That is, (see Appendix VIII) 


216 


V|4AB — C?| (12-104) 


I el AP4BR+CED Je dy = j 


+1 if4AB>C?andA>0 
8—1-1 if4AB>C? and A <0 (12-1042) 
—j if4AB « C? 


With the aid of (12-102a)-(12-102c), the factor 4AB — C? is 


—= 2i p f a 
4AB —C - (zz) (12-105) 


Since 4AB > C? and A > 0, (12-103) reduces to 


; 2zk 
I el (AP Bi CER) dé dn = jae cos Ó (12-106) 
r 
$12 
and (12-103a) to 
kei 
Er, 6,0) = j 2 [cos Of(k, = k sin cos ¢, kx = k sin 0 sin $)] (12-107) 
Tr 


In the far-field region, only the 0 and $ components of the electric and magnetic 
fields are dominant. Therefore, the Ey and Eg components of (12-107) can be written 
in terms of f; and fy. With the aid of (12-84b), f can be expressed as 


(EE TTE 


DÀ fief rio ah bah c 7s 
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At the stationary point (kx = kı = ksin0 cos, ky = k2 = ksinO sing, k; = k cos 0), 
(12-108) reduces to 


sin @ 


f(ki, k2) = E + à, fy = FT 


Cf coso + fy sin Zl (12-109) 


Using the inverse transformation of (4-5), the 0 and $ components of f can be written as 


qz c E (12-1102) 
cos 0 
fo = —fx sing + f, cos (12-110b) 


The E-field of (12-107) reduces, for the 0 and $ components, to 


ke- ; x . 
E(r,0, 9) >j m [ag (f coso + f, sind) + à; cos0(— fx sing + f, cosQ)] 
(12-111) 
and the H-field to 
H(r, 8, 9) = " x E(r, 0, $)] (12-112) 
u 
where from (12-85a) and (12-85b) 
fx (kx = Ki, k, = ky) 
+b/2 p+a/2 (12-113a) 
= / E, y, z= Qe JG" sind cos cy sin 0 sin $) dx! dy’ 
—b/2 J—a[2 


fy kx = ki, ky = k2) 


+b/2 pta/2 (12-113b) 
= / Ey (x, y, z = Qoi Me costy" sin 0 sin $) dx' dy’ 


b/2 J-a/2 


To illustrate the frequency domain (spectral) techniques, the problem of a uniform 
illuminated aperture, which was previously analyzed in Section 12.5.1 using spatial 
methods, will be solved again using transform methods. 
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Example 12.7 


A rectangular aperture of dimensions a and b is mounted on an infinite ground plane, as 
shown in Figure 12.26(a). Find the field radiated by it assuming that over the opening the 
electric field is given by 


—a/2 < x' <a/2 
E, = â, Eo, 
—b/2<y' <b/2 
where Eo is a constant. 
Solution: From (12-113a) and (12-113b) 
tx =0 
+b/2 +a/2 
SE 2 Eo f e sind sing ay f e sind cos ó dx! 
—b/2 —a/2 


which, when integrated, reduces to 


f bE sin X sin Y 
=a 
, NEES Y 


ka . 
= z cos $ 


kb . , 
Y = — sind sing 
2 
The 0 and $ components of (12-111) can be written as 
T .abkEge 7" ( . b sin X] | sin Y 
= |) ———— į SIN 
a Ey, X Y 


.abkEge- sin X ] [ sin Y 
Eg = j——— —— 1c0s0 cos o X 


2zr Y 


which are identical to those of (12-23b) and (12-23c), respectively. 


12.9.4 Dielectric-Covered Apertures 


The transform (spectral) technique can easily be extended to determine the field radi- 
ated by dielectric-covered apertures [20], [21]. For the sake of brevity, the details will 
not be included here. However, it can be shown that for a single lossless dielectric 
sheet cover of thickness h, dielectric constant e,, unity relative permeability, and free- 
space phase constant ko, the far-zone radiated field Eo, Ey of the covered aperture of 
Figure 12.26(b) are related to E, E? of the uncovered aperture of Figure 12.26(a) by 


Eo(r, 0, $) = f(0)E9(r, 0, p) (12-114a) 
Eg (r, 0, p) = g(0) Eg(r. 0, 9) (12-114b) 
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where 


Eo, Ey = field components of dielectric-covered aperture [Fig. 12.26(b)] 
E9, ES = field components of uncovered aperture [Fig. 12.26(a)] 


ei^ cos 0 


ei^ cos @ 


= cos y + j Ze sin y 


y = kohv e, — sin? 8 (12-114e) 


(12-114f) 


89) (12-114d) 


(12-114g) 


The above relations do not include surface wave contributions which can be taken into 
account but are beyond the scope of this section [20]. 

To investigate the effect of the dielectric sheet, far-zone principal E- and H-plane 
patterns were computed for a rectangular waveguide shown in Figure 12.26(b). The 
waveguide was covered with a single dielectric sheet, was operating in the dominant 
TE,;o mode, and was mounted on an infinite ground plane. The E- and H -plane patterns 
are shown in Figure 12.27(a) and 12.27(b), respectively. In the E-plane patterns, it is 
evident that the surface impedance of the modified ground plane forces the normal 
electric field component to vanish along the surface (0 = 2/2). This is similar to 
the effects experienced by the patterns of the vertical dipole above ground shown 
in Figure 4.31. Since the H-plane patterns have vanishing characteristics when the 
aperture is radiating in free-space, the presence of the dielectric sheet has a very 
small overall effect. This is similar to the effects experienced by the patterns of a 
horizontal dipole above ground shown in Figure 4.32. However, both the E- and H- 
plane patterns become more broad near the surface, and more narrow elsewhere, as 
the thickness increases. 


12.9.5 Aperture Admittance 


Another parameter of interest, especially when the antenna is used as a diagnostic tool, 
is its terminating impedance or admittance. In this section, using Fourier transform 
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Figure 12.27 Amplitude radiation patterns of a dielectric-covered waveguide mounted on an 
infinite ground plane and with a TE;o-mode aperture field distribution. 


(spectral) techniques, the admittance of an aperture antenna mounted on an infinite 
ground plane and radiating into free-space will be formulated. Computations will be 
presented for a parallel-plate waveguide. The techniques can best be presented by 
considering a specific antenna configuration and field distribution. Similar steps can be 
used for any other geometry and field distribution. 

The geometrical arrangement of the aperture antenna under consideration is shown 
in Figure 12.26(a). It consists of a rectangular waveguide mounted on an infinite ground 
plane. It is assumed that the field distribution, above cutoff, is that given by the TEjo 
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mode, or 
—a[2 x x' < af2 
E, = à Eo cos (54?) (12-115) 
d —b/2 < y < b/2 


where Eo is a constant. The aperture admittance is defined as 


ee (12-116) 
** ve 
where 
P* — conjugate of complex power transmitted by the aperture 
V — aperture reference voltage. 
The complex power transmitted by the aperture can be written as 
1 

P= | [E(x’, y, z’ = 0) x H* x’, y’, z" = 0)] - â; dx' dy’ (12-117) 


Sa 


where S, is the aperture of the antenna. E(x’, y', z' = 0) and H(x', y’, z’ = 0) represent 
the total electric and magnetic fields at the aperture including those of the modes which 
operate below cutoff and contribute to the imaginary power. For the field distribution 
given by (12-115), (12-117) reduces to 


1 
P=- [[ e yz = 0) Ht G^ y, z =0)]dx' dy’ (12-1172) 
S, 


a 


The amplitude coefficients of all modes that can exist within the waveguide, prop- 
agating and nonpropagating, can be evaluated provided the total tangential E- and/or 
H-field at any point within the waveguide is known. Assuming that (12-115) represents 
the total tangential E-field, it allows the determination of all mode coefficients. Even 
though this can be accomplished, the formulation of (12-117a) in the spatial domain 
becomes rather complex [22]. 

An alternate and simpler method in the formulation of the aperture admittance is to 
use Fourier transforms. By Parseval’s theorem of (12-72c), (12-117a) can be written as 


1 te pt 
P= -5J J E(x’, y, z = 0); G5 yz = 0) dx’ dy 
1 +00 +00 
— f y €, (ke, ky)IC (es ky) dk, dky (12-118) 
J^ Joo J- 


where the limits of the first integral have been extended to infinity since E, (x', y’, z' = 
0) vanishes outside the physical bounds of the aperture. 6, (k,, ky) and 96, (kx, ky) are 
the Fourier transforms of the aperture E- and H -fields, respectively. 

The transform €(k,, ky, z = 0) is obtained from (12-78) while #(kx, ky, z = 0) can 
be written, by referring to (12-89), as 


1 
Js, ky, z = 0) = (E x k) (12-119) 
n 
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For the problem at hand, the transforms 6, and 96, are given by 


Ey (kx, ky) = Sy (kx, ky) (12-120) 


1 k? 1 (k-k? 
H (ke, ky) = —— | k, + = = —— (—__— J f, 12-121 
( y) (e E) z( kz )^ ( ) 


Using (12-77b) and (12-115), (12-120) reduces to 


+b/2 p+a/2 
fy(kx, ky) = Eo f cos ( jat k) dy! dy! 
—b/2 J—a/2 
ky zab E cos X sin Y (12-122) 
fy. ky) = (757 J Eo aD- (x2 ]| Y i 
where 
ka 
X= 5 (12-122a) 
yb 
y= (12-122b) 


Substituting (12-120)—(12-122b) into (12-118) leads to 


| (wabE)* "oo. furoo (C = ky) k?) cos X 2 Tsin Y 1? ENT 
B P= 2H f. Lb (z-a Y ae 


rA 


(12-123) 
If the reference aperture voltage is given by 
rst (12-124) 
= Va 0 
the aperture admittance can be written as 
kyb\ J? 
B 2 P* _ 1 Too 2 | (k? — k2) 
"o qVP 8kn kyb —oo kz 
2 
5 (12-125) 
(= 
cos 5 
x dk, ¢ dk 
(5) kya 2 Á 
2 2 
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where k; is given by (12-80a) and (12-80b). As stated before, the values of k; as given 
by (12-802) contribute to the radiated (real) power and those of (12-80b) contribute 
to the reactive (imaginary) power. Referring to Figure 12.28, values of k, and k, 
within the circle contribute to the aperture conductance, and the space is referred to 
as the visible region. Values of k, and k, outside the circle contribute to the aperture 
susceptance and constitute the invisible region. Thus (12-125) can be separated into its 
real and imaginary parts, and it can be written as 


Y, = Ga + j B, (12-126) 


|f ES by? 
] T HNT es (2 — ig 
E 
0 


E kyb ; [E — d F 12 
2 
À (12-126a) 
Na 
00] [ ae) [n (à = K) 
Akn | Jo kyb JEE Ik? + k?) — k2]2 
2 
(= i 
COS 2 
X | ——————— | dk, > dk 
S-S T 
2 2 
(12-126b) 


2; 
=) Qe R-k) 
E E 


[G2 + #2) — E]? 
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Figure 12.28 Visible and invisible regions in k-space. 


The first term in (12-126b) takes into account the contributions from the strip outside 
the circle for which k, < k, and the second term includes the remaining space outside 
the circle. 

The numerical evaluation of (12-126a) and (12-126b) is complex and will 
not be attempted here. Computations for the admittance of rectangular apertures 
radiating into lossless and lossy half spaces have been carried out and appear in 
the literature [23]-[27]. Various ingenious techniques have been used to evaluate 
these integrals. 

Because of the complicated nature of (12-126a) and (12-126b) to obtain numerical 
data, a simpler configuration will be considered as an example. 


Example 12.8 
A parallel plate waveguide (slot) is mounted on an infinite ground plane, as shown in 
Figure 12.29. Assuming the total electric field at the aperture is given by 


E, = â,Eọo —b/2xy <b/2 


where Eo is a constant, find the aperture admittance assuming the aperture voltage is given 

Solution: This problem bears a very close similarity to that of Figure 12.26(a), and most 
of the results of this example can be obtained almost directly from the previous formulation. 
Since the problem is two-dimensional, (12-120)—(12-122) reduce to 


(T) 
sin <n 
Ey (ky) = fy (ky) A ee ET 
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Figure 12.29  Parallel-plate waveguide geometry and aperture field distribution. 


and (12-123) to 


A d ESSET 
p _ GE? ie iA n 
a dea E k,b 


Since the aperture voltage is given by V = b Ep, the aperture slot admittance (per unit length 
along the x direction) of (12-125) can be written as 
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NEONI 
sın 
2 j 2 
+f a 
k /k2 — 2 S 
2 
n(S)] 
Soh || — 
k p i 
sec 2 dk, 
ande fee |) oe 
x 2 
If a 
WE 


the expressions for the slot conductance and susceptance reduce to 


Q por 1 sinw WV? 
C= dw 


"Jo J- we \ wv 


2 jn 1 e 
— ———— dw 
NÀ Jubj2 yw? — (kb/2)? \ W 


The admittance will always be capacitive since B, is positive. 
The expressions for the slot conductance and susceptance (per unit length along the x 
direction) reduce for small values of kb to [5] 


E (kb)? 
oi 24 


S 
I? 


Z [1 — 0.636 In (kb)] 
nr 


and for large values of kb to 


Normalized values of AG, and AB, as a function of b/d for an aperture radiating into free 
space are shown plotted in Figure 12.30. 
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Figure 12.30 Normalized values of conductance and susceptance of narrow slot. 


12.10 GROUND PLANE EDGE EFFECTS: THE GEOMETRICAL THEORY 
OF DIFFRACTION 


Infinite size (physically and/or electrically) ground planes are not realizable in prac- 
tice, but they can be approximated closely by very large structures. The radiation 
characteristics of antennas (current distribution, pattern, impedance, etc.) mounted on 
finite size ground planes can be modified considerably, especially in regions of very 
low intensity, by the effects of the edges. The ground plane edge diffractions for an 
aperture antenna are illustrated graphically in Figure 12.31. For these problems, rigor- 
ous solutions do not exist unless the object’s surface can be described by curvilinear 
coordinates. Presently there are two methods that can be used conveniently to account 
for the edge effects. One technique is the Moment Method (MM) [28] discussed in 
Chapter 8 and the other is the Geometrical Theory of Diffraction (GTD) [29]. 

The Moment Method describes the solution in the form of an integral, and it can 
be used to handle arbitrary shapes. It mostly requires the use of a digital computer for 
numerical computations and, because of capacity limitations of computers, it is most 
computationally efficient for objects that are small electrically. Therefore, it is usually 
referred to as a low-frequency asymptotic method. 

When the dimensions of the radiating object are large compared to the wavelength, 
high-frequency asymptotic techniques can be used to analyze many otherwise not math- 
ematically tractable problems. One such technique, which has received considerable 
attention in the past few years, is the Geometrical Theory of Diffraction (GTD) which 
was originally developed by Keller [29]. The GTD is an extension of the classical 
Geometrical Optics (GO; direct, reflected, and refracted rays), and it overcomes some 
of the limitations of GO by introducing a diffraction mechanism [2]. 

The diffracted field, which is determined by a generalization of Fermat’s prin- 
ciple [2], [30], is initiated at points on the surface of the object where there is a 
discontinuity in the incident GO field (incident and reflected shadow boundaries). The 
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(a) Upper-lower (b) Left-right 


Figure 12.31 Diffraction mechanisms for an aperture mounted on a finite size ground plane 
(diffractions at upper-lower and left-right edges of the ground plane). 


phase of the field on a diffracted ray is assumed to be equal to the product of the 
optical length of the ray (from some reference point) and the phase constant of the 
medium. Appropriate phase jumps must be added as a ray passes through caustics.* 
The amplitude is assumed to vary in accordance with the principle of conservation of 
energy in a narrow tube of rays. The initial value of the field on a diffracted ray is 
determined from the incident field with the aid of an appropriate diffraction coefficient 
(which, in general, is a dyadic for electromagnetic fields). The diffraction coefficient is 
usually determined from the asymptotic solutions of the simplest boundary-value prob- 
lems which have the same local geometry at the points of diffraction as the object(s) of 
investigation. Geometries of this type are referred to as canonical problems. One of the 
simplest geometries is a conducting wedge [31], [32]. Another is that of a conducting, 
smooth, and convex surface [33]—[35]. 

The primary objective in using the GTD to solve complicated geometries is to 
resolve each such problem into smaller components [8]—[10], [35]. The partitioning 
is made so that each smaller component represents a canonical geometry of a known 
solution. These techniques have also been applied for the modeling and analysis of 
antennas on airplanes [36], and they have combined both wedge and smooth con- 
ducting surface diffractions [33], [35]. The ultimate solution is a superposition of the 
contributions from each canonical problem. 

Some of the advantages of GTD are 


1. It is simple to use. 
2. It can be used to solve complicated problems that do not have exact solutions. 


*A caustic is a point or a line through which all the rays of a wave pass. Examples of it are the focal point 
of a paraboloid (parabola of revolution) and the focal line of a parabolic cylinder. The field at the caustic 
is infinite because, in principle, an infinite number of rays pass through it. 
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Figure 12.32 Aperture geometry in principal E-plane ($ = 7/2). 


d= 14.825) Pene 
b = 042A 
f=35 GHz 


Experiment 
— — — — Theory (GO and GTD) 


PETIT Theory (GO) 


Figure 12.33 Principal E-plane amplitude patterns of an aperture antenna mounted on a finite 
size ground plane. 
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Figure 12.34 Measured and computed principal elevation plane amplitude patterns of a A/4 
monopole above infinite and finite square ground planes. 


. It provides physical insight into the radiation and scattering mechanisms from 
the various parts of the structure. 


. It yields accurate results which compare extremely well with experiments and 
other methods. 


. It can be combined with other techniques such as the Moment Method [37]. 


The derivation of the diffraction coefficients for a conducting wedge and their appli- 
cation are lengthy, and will not be repeated here. An extensive and detailed treatment 
of over 100 pages, for both antennas and scattering, can be found in [2]. However, to 
demonstrate the versatility and potential of the GTD, three examples are considered. 
The first is the E-plane pattern of a rectangular aperture of dimensions a,b mounted 
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on a finite size ground plane, as shown in Figure 12.31. The GTD formulation along 
the E-plane includes the direct radiation and the fields diffracted by the two edges of 
the ground plane, as shown in Figure 12.32. The computed E-plane pattern along with 
the measured one are shown in Figure 12.33; an excellent agreement is indicated. 
The two other examples considered here are the elevation pattern of a 4/4 monopole 
mounted on square and circular ground planes. The diffraction mechanism on the 
principal planes for these is the same as that of the aperture, which is shown in 
Figure 12.32. The corresponding principal elevation plane pattern of the monopole on 
the square ground plane is displayed in Figure 12.34 while that on the circular one is 
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Figure 12.35 Measured and computed principal elevation plane amplitude patterns of a 1/4 
monopole (blade) above a circular ground plane. 
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exhibited in Figure 12.35. For each case an excellent agreement is indicated with the 
measurements. It should be noted that the minor lobes near the symmetry axis (0 = 0° 
and @ = 180°) for the circular ground plane of Figure 12.35 are more intense than 
the corresponding ones for the square ground plane of Figure 12.34. These effects are 
due to the ring-source radiation by the rim of the circular ground plane toward the 
symmetry axis [2], [10]. 


12.11 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Matlab computer program, designated Aperture, for computing and displaying 
the radiation characteristics of rectangular and circular apertures. 

c. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


12.1. A uniform plane wave traveling in the +z direction, whose magnetic field is 
expressed as 


H’ = Ay Hoe 7 z<0 


" Ho, E0 
————- 
— 
jan 
d HZ É 
r 
—————- 
—————- 


impinges upon an aperture on an infinite, flat, perfect electric conductor whose 
cross section is indicated in the figure. 


(a) State the equivalent that must be used to determine the field radiated by 
the aperture to the right of the conductor (z > 0). 


(b) Assuming the aperture dimension in the y direction is b, determine the 
far-zone fields for z > 0. 


12.2. Repeat Problem 12.1 when the incident magnetic field is polarized in the 
X direction. 


12.3. Repeat Problem 12.1 when the incident electric field is polarized in the 
y direction. 


12.4. Repeat Problem 12.1 when the incident electric field is polarized in the 
X direction. 


12.5. A perpendicularly polarized plane wave is obliquely incident upon an aperture, 
with dimension a and b, on a perfectly electric conducting ground plane of 
infinite extent, as shown in the figure. Assuming the field over the aperture is 
given by the incident field (ignore diffractions from the edges of the aperture), 
find the far-zone spherical components of the fields for x > 0. 


12.6. 


12.7. 


12.8. 


12.9, 
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Repeat Problem 12.5 for a parallelly polarized plane wave (when the incident 
magnetic field is polarized in the z direction, i.e., the incident magnetic field 
is perpendicular to the x-y plane while the incident electric field is parallel to 
the x-y plane). 


A narrow rectangular slot of size L by W is mounted on an infinite ground 
plane that covers the x-y plane. The tangential field over the aperture is 
given by 

E, = â, Ege I 2 


Using the equivalence principle and image theory, we can replace the aperture 
and infinite ground plane with an equivalent magnetic current radiating in 
free-space. Determine the 


(a) appropriate equivalent 
(b) far-zone spherical electric field components for z > 0 
(c) direction (0, $) in which the radiation intensity is maximum 


y 
"E 
e 


W Z 


» Xx 


t e L >| 


A rectangular aperture, of dimensions a and b, is mounted on an infinite 
ground plane, as shown in Figure 12.6(a). Assuming the tangential field over 
the aperture is given by 


E,=4,E) —-a/2xy <a/2, —b/2 <z’ <b/2 


find the far-zone spherical electric and magnetic field components radiated by 
the aperture. 

Repeat Problem 12.8 when the same aperture is analyzed using the coordinate 
system of Figure 12.6(b). The tangential aperture field distribution is given by 


E,—á,EQ —b/2<x'<b/2, -a/2<z <a/2 
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Repeat Problem 12.8 when the aperture field is given by 


E, = â; Eo cos ( =y’) —af2<y'<a/2, —b/2 <z <b/2 
a 


Repeat Problem 12.9 when the aperture field distribution is given by 
E, = â, Eo cos (=z) —b/2<x' <b/2, —a/2<z <a/2 
a 


Find the fields radiated by the apertures of Problems 

(a) 12.8 (b) 12.9 

(c) 12.10 (d) 12.11 

when each of the apertures with their associated field distributions are not 
mounted on a ground plane. Assume the tangential H-field at the aperture is 
related to the E-field by the intrinsic impedance. 


Find the fields radiated by the rectangular aperture of Section 12.5.3 when it 
is not mounted on an infinite ground plane. 


For the rectangular aperture of Section 12.5.3 (with a = 4A, b = 34), com- 
pute the 


(a) E-plane beamwidth (in degrees) between the maxima of the second 
minor lobe 

(b) E-plane amplitude (in dB) of the maximum of the second minor lobe 
(relative to the maximum of the major lobe) 


(c) approximate directivity of the antenna using Kraus’ formula. Compare it 
with the value obtained using the expression in Table 12.1. 


A rectangular X-band (8.2—12.4 GHz) waveguide (with inside dimensions of 
0.9 in by 0.4 in) operating in the dominant TEjo mode at 10 GHz is mounted 
on an infinite ground plane and used as a receiving antenna. This antenna 
is connected to a matched lossless transmission line and a matched load is 
attached to the transmission line. Determine the: 


(a) Directivity (dimensionless and in dB) using: 
1. the most accurate formula that is available to you in class. 
2. Kraus' formula. 


(b) Maximum power (in watts) that can be delivered to the load when a 
uniform plane wave with a power density of 10 mW/cn?? is incident upon 
the antenna at normal incidence. Neglect any losses. 


A lossless aperture antenna has a gain of 11 dB and overall physical area of 

2405 

(a) What is the aperture efficiency of this antenna (in 96)? 

(b) Assuming the antenna is matched to a lossless transmission line that in turn 
is connected to a load that is also matched to the transmission line, what is 
the maximum power that can be delivered to the load if the incident power 
density at the antenna aperture is 10 x 10? watts/cm?? The frequency of 
operation is 10 GHz. 


12.17. 


12.18. 


12.19. 
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12.21. 


12.22. 


12.23. 
12.24. 
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For the rectangular aperture of Section 12.5.1 with a = b = 34, compute the 
directivity using (12-37) and the Aperture computer program. 


For the rectangular aperture of Section 12.5.2 with a = b = 34, compute the 
directivity using (12-37) and the Aperture computer program. 


Compute the directivity of the aperture of Section 12.5.3, using the Aperture 
computer program, when 
(a) a =3,b=2\ (b)a=b=3h 


Repeat Problem 12.19 when the aperture is not mounted on an infinite 
ground plane. 


For the rectangular aperture of Section 12.5.3 with a = 3A, b = 24, com- 
pute the 


(a) E-plane half-power beamwidth 

(b) H-plane half-power beamwidth 

(c) E-plane first-null beamwidth 

(d) H-plane first-null beamwidth 

(e) E-plane first side lobe maximum (relative to main maximum) 
(f) H-plane first side lobe maximum (relative to main maximum) 


using the formulas of Table 12.1. Compare the results with the data from 
Figures 12.13 and 12.14. Verify using the computer program Aperture. 


A square waveguide aperture, of dimensions a — b and lying on the x-y plane, 
is radiating into free-space. Assuming a cos(zt x'/a) by cos(z y'/b) distribution 
over the aperture, find the dimensions of the aperture (in wavelengths) so that 
the beam efficiency within a 37° total included angle cone is 90%. 


Verify (12-392), (12-39b), (12-39c), and (12-40). 
A rectangular aperture mounted on an infinite ground plane has aperture elec- 


tric field distributions and corresponding efficiencies of 


FIELD DISTRIBUTION APERTURE EFFICIENCY 


(a) Triangular 75% 
(b) Cosine square 66.67% 


What are the corresponding directives (in dB) if the dimensions of the aperture 
are a = à /2 and b = 4/4? 
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The physical area of an aperture antenna operating at 10 GHz is 200 cm? 
while its directivity is 23 dB. Assuming the antenna has an overall radiation 
efficiency of 90% and it is perfectly matched to the input transmission line, 
find the aperture efficiency of the antenna. 


Two X-band (8.2—12.4 GHz) rectangular waveguides, each operating in the 
dominant TE;o-mode, are used, respectively, as transmitting and receiving 
antennas in a long distance communication system. The dimensions of each 
waveguide are a = 2.286 cm (0.9 in.) and b = 1.016 cm (0.4 in.) and the cen- 
ter frequency of operation is 10 GHz. Assuming the waveguides are separated 
by 10 kilometers and they are positioned for maximum radiation and reception 
toward each other, and the radiated power is 1 watt, find the: 


(a) Incident power density at the receiving antenna 
(b) Maximum power that can be delivered to a matched load 


Assume the antennas are lossless, are polarization matched, and each is 
mounted on an infinite ground plane. 


The normalized far-zone electric field radiated in the E-plane (x-z plane; 
$ = 0°) by a waveguide aperture antenna of dimensions a and b, mounted on 
an infinite ground plane as shown in the figure, is given by 


, (kb 
z pubigew® uod ees 0 
as j — —Àj;———— 


E=-— 7 
e" — cos 0 
2 
Determine in the E-plane the: 
(a) Vector effective length of the antenna. 
(b) Maximum value of the effective length. 
Ed 
O=% 
$ 
b y 
Y 
a——-+| 


State the value of 0 (in degrees) which maximizes the effective length. 


A uniform plane wave is incident upon an X-band rectangular waveguide, with 
dimensions of 2.286 cm and 1.016 cm, mounted on an infinite ground plane. 
Assuming the waveguide is operating in the dominant TE;9 mode, determine 
the maximum power that can be delivered to a matched load. The frequency 
is 10 GHz and the power density of the incident plane wave is 1074 watts/m?. 
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12.34. 
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Compute the aperture efficiency of a rectangular aperture, mounted on an infi- 
nite ground plane as shown in Figure 12.7, with an E-field aperture distribution 
directed toward y but with variations 


(a) triangular in the x and uniform in the y 

(b) cosine-squared in the x and uniform in the y 

(c) cosine in the x and cosine in the y 

(d) cosine-squared in both the x and y directions. 

How do they compare with those of a cosine distribution? 


An X-band (8.2—12.4 GHz) WR 90 rectangular waveguide, with inner dimen- 
sions of 0.9 in. (2.286 cm) and 0.4 in. (1.016 cm), is mounted on an infinite 
ground plane. Assuming the waveguide is operating in the dominant TE;o- 
mode, find its directivity at f = 10 GHz using the 


(a) computer program Aperture 
(b) formula in Table 12.1 
Compare the answers. 


Repeat Problem 12.30 at f = 20 GHz for a K-band (18—26.5 GHz) WR 42 
rectangular waveguide with inner dimensions of 0.42 in. (1.067 cm) and 0.17 
in. (0.432 cm). 


Four rectangular X-band waveguides of dimensions a — 0.9 in. (2.286 cm) 
and b = 0.4 in. (1.016 cm) and each operating on the dominant TE;9-mode, 
are mounted on an infinite ground plane so that their apertures and the ground 
plane coincide with the x-y plane. The apertures form a linear array, are placed 
along the x-axis with a center-to-center separation of d = 0.854 apart, and they 
are fed so that they form a broadside Dolph- Tschebyscheff array of —30 dB 
minor lobes. Assuming a center frequency of 10 GHz, determine the overall 
directivity of the array in decibels. 


Sixty-four (64) X-band rectangular waveguides are mounted so that the aper- 
ture of each is mounted on an infinite ground plane that coincides with the x-y 
plane, and all together form an 8 x 8 — 64 planar array. Each waveguide has 
dimensions of a — 0.9 in. (2.286 cm), b — 0.4 in. (1.086 cm) and the center- 
to-center spacing between the waveguides is d, = d, = 0.854. Assuming a 
TE;o-mode operation for each waveguide, a center frequency of 10 GHz, and 
the waveguides are fed to form a uniform broadside planar array, find the 
directivity of the total array. 


Find the far-zone fields radiated when the circular aperture of Section 12.6.1 
is not mounted on an infinite ground plane. 


Derive the far-zone fields when the circular aperture of Section 12.6.2 
(a) is 

(b) is not 

mounted on an infinite ground plane. 


A circular waveguide (not mounted on a ground plane), operating in the 
dominant TE;; mode, is used as an antenna radiating in free-space. Write 
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in simplified form the normalized far-zone electric field components radiated 
by the waveguide antenna. You do not have to derive them. 


A circular waveguide of radius a — 1.125 cm, NOT mounted on an infinite 
PEC ground plane and operating in the dominant TE;; mode at a frequency 
of 10 GHz, is used as a receiving antenna. On the basis of the approximate 
equivalent, determine the following: 


(a) Far-zone electric and magnetic radiated fields (you do not have to derive 
them). Specify the angular limits (lower and higher in degrees) on the 
observation angles 0 and $. 


(b) Maximum power (in watts) that can be delivered to a receiver (load) 
assuming the receiver (load) is matched to the transmission line that 
connects the antenna and the receiver (load). Assume that the transmis- 
sion line has a characteristic impedance of 300 ohms while the antenna 
has an input impedance of 350 + j 400 ohms. Assume no other losses. 
The maximum power density of the wave impinging upon the antenna is 
100 watts / m?. 


A lossless circular aperture antenna has a gain of 15 dB and overall physical 
area of 25 cm?. The frequency of operation is 10 GHz. 


(a) What is the aperture efficiency of the antenna (in 96)? 


(b) What is the power Pj, delivered to a matched load given that the power 
density of the incident wave at the antenna aperture is 30 mW/cm?? 
Assume ideal conditions (no losses). 


A lossless circular aperture antenna operating on the dominant TE ;; -mode and 
mounted on an infinite ground plane has an overall gain of 9 dB. Determine 
the following: 


(a) Physical area (in A?) of the antenna. 

(b) Maximum effective/equivalent area (in A?) of the antenna. 

(c) Aperture efficiency (in percent). 

(d) How much more or less efficient (in percent) is this antenna with a TE ;; - 
mode distribution compared with the same antenna but with a uniform 


field distribution over its aperture. State which one is more or less effi- 
cient. 


For the circular aperture of Section 12.6.1, compute its directivity, using the 
Aperture computer program of this chapter, when its radius is 

(aa20.54 (b)a=1.5å (c)a=3.0A 

Compare the results with data from Table 12.2. 


Repeat Problem 12.40 when the circular aperture of Section 12.6.1 is not 
mounted on an infinite ground plane. Compare the results with those of 
Problem 12.40. 


For the circular aperture of Problem 12.35, compute the directivity, using the 
Aperture computer program of this chapter, when its radius is 

(a)a=0.5A (b)a=1.5A (c)a=3.0A 

Compare the results with data from Table 12.2. 


PROBLEMS 735 


12.43. For the circular aperture of Section 12.6.2 with a = 1.5A, compute the 
(a) E-plane half-power beamwidth 
(b) H-plane half-power beamwidth 
(c) E-plane first-null beamwidth 
(d) H-plane first-null beamwidth 
(e) E-plane first side lobe maximum (relative to main maximum) 


(f) H-plane first side lobe maximum (relative to main maximum) using 
the formulas of Table 12.2. Compare the results with the data from 
Figures 12.19 and 12.20. Verify using the program Aperture. 


12.44. A circular aperture of radius a is mounted on an infinite electric ground plane. 
Assuming the opening is on the x-y plane and its field distribution is given by 


1\ 2 
(a) E, = à, Eo i x (£) | , p za 
a 


j 272 
(b) &-asi-(£)]. "EY 
a 


find the far-zone electric and magnetic field components radiated by the 
antenna. 


12.45. Repeat Problem 12.44 when the electric field is given by 
E, — à, Eo[1 x (p'/a)], p za 


Find only the radiation vectors L and N. Work as far as you can. If you find 
you cannot complete the solution in closed form, state clearly why you cannot. 
Simplify as much as possible. 


12.46. A coaxial line of inner and outer radii a and b, respectively, is mounted on an 
infinite electric ground plane. Assuming that the electric field over the aperture 


of the coax is 
P V 1l f 
E, = —ap > ASP S b 
€ In(b/a) p' 


where V is the applied voltage and e is the permittivity of the coax medium, 
find the far-zone spherical electric and magnetic field components radiated by 
the antenna. 
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It is desired to design a circular aperture antenna with a field distribution over 
its opening of 


E = C[I - (p'/a)’] 


where C is a constant, a its radius, and p’ any point on the aperture, such 
that its beam efficiency within a 60^ total included angle cone is 9096. Find 
its radius in wavelengths. 


For the antenna of Problem 12.47, find its efficiency within a 40° total included 
angle cone when its radius is 2A. 


Design square apertures with uniform illumination so that the directivity at 
60° from the normal is maximized relative to that at 0 = 0^. Determine 
the: 

(a) Dimensions of the aperture (in A) 

(b) Maximum directivity (in dB) 

(c) Directivity (in dB) at 60^ from the maximum 


Design a circular aperture with uniform illumination so that the directiv- 
ity at 60° from the normal is maximized relative to that at 0 = 0°. Deter- 
mine the 

(a) Radius of the aperture (in A) 

(b) Maximum directivity (in dB) 

(c) Directivity (in dB) at 60^ from the maximum 


Repeat Problem 12.50 for a circular aperture with a parabolic distribution. 


Repeat Problem 12.50 for a circular aperture with a parabolic taper on 
10 dB pedestal. 


Derive the edge-of-coverage (EOC) design characteristics for a circular aper- 
ture with a parabolic taper. 


Design a rectangular aperture of uniform illumination so that its directiv- 

ity in the E- and H-planes is maximized (relative to its maximum value), 

respectively, at angles of 30° and 45° from the normal to the aperture. 

(a) Determine the optimum dimensions (in A) of the aperture. 

(b) What is the maximum directivity (in dB) of the aperture and at what 
angle(s) (in degrees) will this occur? 

(c) What is the directivity (in dB) of the aperture along the E-plane at 30^ 
from the normal to the aperture? 

(d) What is the directivity (in dB) of the aperture along the H-plane at 45° 
from the normal to the aperture? 


Design a circular aperture with uniform distribution so that its directivity at 
an angle 0 = 35° from the normal to the aperture is maximized relative to its 
maximum value at 0 = 0°. Specifically, 
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(a) find the optimum radius (in A) of the aperture. 
(b) what is the maximum directivity (in dB) at 0 = 0°? 
(c) what is the directivity (in dB) at 0 = 35°? 


A vertical dipole is radiating into a free-space medium and produces fields 
Eo and Hp. Illustrate alternate methods for obtaining the same fields using 
Babinet's principle and extensions of it. 


(a) (1) Sketch the six principal-plane patterns, and (2) define the direction 
of E and H along the three principal axes and at 45^ to the axes, for 
a thin slot one-half wavelength long, cut in a conducting sheet which 
has infinite conductivity and extending to infinity, and open on both 
sides. Inside dimensions of the slot are approximately 0.5A by 0.14. 
Assume that the width (0.14) of the slot is small compared to a wave- 
length. Assume a coordinate system such that the conducting plane lies 
on the x-y plane with the larger dimension of the slot parallel to the 
y-axis. 


(b) Sketch the six approximate principal-plane patterns Eg(¢ = 0°), Ep ($ = 
0°), Eo(d = 90°), Ep ($ = 90°), Eg(O = 90°), E,(0 = 90°). 


A very thin circular annular slot with circumference of one wavelength is cut 
on a very thin, infinite, flat, perfectly electric conducting plate. The slot is 
radiating into free-space. What is the impedance (real and imaginary parts) of 
the slot? 


Repeat Example 12.7 for a rectangular aperture with an electric field distribu- 
tion of 
) —a/2 < x' €x a/2 


E, = à, Eo cos (Zx 
—b/2 < y < b/2 


a 


Two identical very thin (b = A/20) parallel-plate waveguides (slots), each 
mounted on an infinite ground plane, as shown in Figure 12.29 of the book 
for one of them, are separated by a distance of A,/2 where A, is the parallel- 
plate waveguide (transmission line) that is connecting the two slots. Assuming 
each slot is of width W — 10 cm, the parallel-plate waveguide (transmission 
line) is filled with air, the slots are radiating in free-space and are operating 
at 10 GHz: 

(a) What is the admittance Y, of one slot in the absence of the other (both 

real and imaginary parts)? 
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(b) What is the total input impedance Z;, of both slots together when looking 
in at the input of one of them in the presence of the other (both real and 
imaginary parts)? 


Line 


P Parallel Plate Transmission : 
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Horn Antennas 


13.1 INTRODUCTION 


One of the simplest and probably the most widely used microwave antenna is the horn. 
Its existence and early use dates back to the late 1800s. Although neglected somewhat 
in the early 1900s, its revival began in the late 1930s from the interest in microwaves 
and waveguide transmission lines during the period of World War II. Since that time a 
number of articles have been written describing its radiation mechanism, optimization 
design methods, and applications. Many of the articles published since 1939 which deal 
with the fundamental theory, operating principles, and designs of a horn as a radiator 
can be found in a book of reprinted papers [1] and chapters in handbooks [2], [3]. 

The horn is widely used as a feed element for large radio astronomy, satellite 
tracking, and communication dishes found installed throughout the world. In addition 
to its utility as a feed for reflectors and lenses, it is a common element of phased arrays 
and serves as a universal standard for calibration and gain measurements of other high- 
gain antennas. Its widespread applicability stems from its simplicity in construction, 
ease of excitation, versatility, large gain, and preferred overall performance. 

An electromagnetic horn can take many different forms, four of which are shown in 
Figure 13.1. The horn is nothing more than a hollow pipe of different cross sections, 
which has been tapered (flared) to a larger opening. The type, direction, and amount of 
taper (flare) can have a profound effect on the overall performance of the element as 
a radiator. In this chapter, the fundamental theory of horn antennas will be examined. 
In addition, data will be presented that can be used to understand better the operation 
of a horn and its design as an efficient radiator. 


13.2 E-PLANE SECTORAL HORN 


The E-plane sectoral horn is one whose opening is flared in the direction of the E-field, 
and it is shown in Figure 13.2(a). A more detailed geometry is shown in Figure 13.2(b). 


*Portions of this chapter on aperture-matched horns, multimode horns, and dielectric-loaded horns were 
first published by the author in [2], Copyright 1988, reprinted by permission of Van Nostrand Reinhold Co. 


Antenna Theory: Analysis Design, Third Edition, by Constantine A. Balanis 
ISBN 0-471-66782-X Copyright © 2005 John Wiley & Sons, Inc. 
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(b) H-plane 


(a) E-plane 


FE) e 


(c) Pyramidal (d) Conical 


Figure 13.1 Typical electromagnetic horn antenna configurations. 


13.2.1 Aperture Fields 


The horn can be treated as an aperture antenna. To find its radiation characteristics, the 
equivalent principle techniques developed in Chapter 12 can be utilized. To develop 
an exact equivalent of it, it is necessary that the tangential electric and magnetic field 
components over a closed surface are known. The closed surface that is usually selected 
is an infinite plane that coincides with the aperture of the horn. When the horn is not 
mounted on an infinite ground plane, the fields outside the aperture are not known 
and an exact equivalent cannot be formed. However, the usual approximation is to 
assume that the fields outside the aperture are zero, as was done for the aperture of 
Section 12.5.2. 

The fields at the aperture of the horn can be found by treating the horn as a radial 
waveguide [4]-[6]. The fields within the horn can be expressed in terms of cylindrical 
TE and TM wave functions which include Hankel functions. This method finds the 
fields not only at the aperture of the horn but also within the horn. The process is 
straightforward but laborious, and it will not be included here. However, it is assigned 
as an exercise at the end of the chapter (Problem 13.1). 

It can be shown that if the (1) fields of the feed waveguide are those of its dominant 
TEj;9 mode and (2) horn length is large compared to the aperture dimensions, the lowest 
order mode fields at the aperture of the horn are given by 


El =E, =H'=0 (13-1a) 


E,(x', y) = E1cos (547) e I^ /Qo)l (13-1b) 
a 
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(b) E-plane view 


Figure 13.2 E-plane horn and coordinate system. 


HO oy) x jE; (5) sin (Zx!) e Wo" /Qo0l (13-1c) 

gl Ei T N pjk? Co] 
HG’, y) x - cos (Zx) e (13-1d) 
f1 = Pe COS We (13-1e) 


where E, is a constant. The primes are used to indicate the fields at the aperture of 
the horn. The expressions are similar to the fields of a TE;o-mode for a rectangular 
waveguide with aperture dimensions of a and b,(b; > a). The only difference is the 
complex exponential term which is used here to represent the quadratic phase variations 
of the fields over the aperture of the horn. 

The necessity of the quadratic phase term in (13-1b)—(13-1d) can be illustrated 
geometrically. Referring to Figure 13.2(b), let us assume that at the imaginary apex of 
the horn (shown dashed) there exists a line source radiating cylindrical waves. As the 
waves travel in the outward radial direction, the constant phase fronts are cylindrical. 
At any point y' at the aperture of the horn, the phase of the field will not be the same 
as that at the origin (y' — 0). The phase is different because the wave has traveled 


742 HORN ANTENNAS 


different distances from the apex to the aperture. The difference in path of travel, 
designated as 5(y’), can be obtained by referring to Figure 13.2(b). For any point y’ 


[or +60)? = p? 4 (Y (13-2) 
or 


NEUE 
$)-2-pn-cloi-oY1^2-opct p1 i + (=) | (13-2a) 


which is referred to as the spherical phase term. 
Using the binomial expansion and retaining only the first two terms of it, (13-2a) 
reduces to 


roe Ixy] 
ôy) X —pı + pı | T 3 (=) | E (13-2b) 


when (13-2b) is multiplied by the phase factor k, the result is identical to the quadratic 
phase term in (13-1b)—(13-1d). 

The quadratic phase variation for the fields of the dominant mode at the aperture 
of a horn antenna has been a standard for many years, and it has been chosen because 
it yields in most practical cases very good results. Because of its simplicity, it leads 
to closed form expressions, in terms of sine and cosine Fresnel integrals, for the 
radiation characteristics (far-zone fields, directivity, etc.) of the horn. It has been shown 
recently [7] that using the more accurate expression of (13-2a) for the phase, error 
variations and numerical integration yield basically the same directivities as using the 
approximate expression of (13-2b) for large aperture horns (bı of Figures 13.2 or aj 
of Figure 13.10 greater than 50A) or small peak aperture phase error (S = pe — pı of 
Figure 13.2 or T = pn — p2 of Figure 13.10 less than 0.24). However, for intermediate 
aperture sizes (5A < b; or a, < 8A) or intermediate peak aperture phase errors (0.24. < 
S or T < 0.64) the more accurate expression of (13-2a) for the phase variation yields 
directivities which are somewhat higher (by as much as a few tenths of a decibel) 
than those obtained using (13-2b). Also it has been shown using a full-wave Moment 
Method analysis of the horn [8] that as the horn dimensions become large the amplitude 
distribution at the aperture of the horn contains higher-order modes than the TE1ọ mode 
and the phase distribution at the aperture approaches the parabolic phase front. 


Example 13.1 


Design an E-plane sectoral horn so that the maximum phase deviation at the aperture of the 
horn is 56.72°. The dimensions of the horn are a = 0.54, b = 0.254, b, = 2.754. 
Solution: Using (13-2b) 


k(bi/2) 


T 
Ad$|max = kó(y ana = = 56.72 | — 
| Olye m (=) 
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or 


(RN L 
aSa Ce ae 


The total flare angle of the horn should be equal to 


b,/2 2.75/2 z 
2y, = 2tan™' (74) = 2tan™! (525) = 25.81 
Pi 


13.2.2 Radiated Fields 


To find the fields radiated by the horn, only the tangential components of the E- and/or 
H-fields over a closed surface must be known. The closed surface is chosen to coincide 
with an infinite plane passing through the mouth of the horn. To solve for the fields, 
the approximate equivalent of Section 12.5.2 is used. That is, 


E XA 
i= — —. cos (=~) e FBO) | _a/2 < x! <a/2 
7 d (13-3) 
M, = Ei cos (=x) e80 | -hi2y sb? 
a 
and 
J; =M, =0 elsewhere (13-3a) 
Using (12-12a) 
E 
N = -= cos0 sing l h (13-4) 
n 
where 
+a/2 T "n 
" zi cos (54) el sin 0 cos ó dx 
—a/2 a 
(Fenders) 
cos | — sin 0 cos 
— (=) HX eee e (13-4a) 
= 2 ka . 0 ó 2 (S 
— sin Ó cos —-[— 
7G 2 
+bı/2 
B =f e FM5O")—y' sin sing] dy (13-4b) 
—bi/2 


The integral of (13-4b) can also be evaluated in terms of cosine and sine Fresnel 
integrals. To do this, J can be written, by completing the square, as 


Ttbi/2 +b, /2 
h= / eg o^ /Qp)-ky] dy’ = ed (ky p1/2k) / eg A —kyp1)”/2kp1] dy’ (13-5) 
—bi/2 —bi/2 


744 HORN ANTENNAS 


where 
ky = ksin0 sing 


Making a change of variable 


reduces (13-5) to 


t 
h = | P udin no i ? IED ay 
k ü 
t 
= | PPL ei f [cos (27) — jsin (54)] dt 
Vk : 2 2 


and takes the form of 


R= TEL elm PMEC(R) — C] = 1S) — SDN 


where 


(13-5a) 


(13-6a) 


(13-6b) 


(13-6c) 


(13-7) 


(13-8) 


(13-8a) 


(13-8b) 


(13-8c) 


(13-8d) 


C(x) and S(x) are known as the cosine and sine Fresnel integrals and are well tab- 
ulated [9] (see Appendix IV). Computer subroutines are also available for efficient 


numerical evaluation of each [10], [11]. 
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Using (13-4a) and (13-8), (13-4) can be written as 


| (=) 
: cos 
TPI jp y cos 0 sin $ 2 


Ta 
Ng = E,— j F(t, t2)¢ (13-9) 


m PES 


kx = ksin0 cos o (13-92) 


k, =ksin@ sing (13-9b) 


where 


F(t, t2) = [C(t2) — C(t))] — JES) — S(t] (13-9c) 


In a similar manner, Ng, Lo, Lg of (12-12b)-(12-12d) reduce to 


ka 
cos 
TA [Tfi jp J CSP | ( 2 ) 
Ng = Ei —— eo"! d ra Saar F (t4, to) (13-102) 
o ac 
2 2 
kya 
cos 
TA [TPI joo fap) | (5) | 
Lg = Ej— — el “yP 1 X 1— cos 0 cos $ a aes F (ti, t2) (13-10b) 
o 69-67] 
2 2 
ka 
cos 
Lg = E — FPA pjo sing EZCOM 
EE 6-6) 
2 2 


The electric field components radiated by the horn can be obtained by using (12- 
10a)—(12-10c), and (13-9)-(13-10c). Thus, 


Ta 
F(t, to) (13-10c) 


E, =0 (13-112) 


a /kpy Eye 7 
a —— aeae 
8r 


Eg = — 


| cos (5&2) | (13-11b) 
x J ei 66/29 sin $(1 + cos0) VUE gee F(t, to) 


(&) -@) | 
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.a nkp Eye" 
— a 
8r 


COS (=) (13-11c) 


x eO cos $(cos 9 + 1) ORA > : F (ti, t2) 


where ti, t2, kx, ky, and F(ti,t2) are given, respectively, by (13-83), (13-8b), 
(13-923), (13-9b), and (13-9c). The corresponding H-field components are obtained 
using (12-10d)- (12-10f). 

In the principal E- and H-planes, the electric field reduces to 


E-Plane ($ = x/2) 


E, = Ey =0 (13-12a) 
ko. E —jkr f . 2 2 
p mys sen a -e S0 (=) (1 +-.cos 6) F(t), p] 
8r m 
(13-12b) 


; E / b l 

ti = pm 0» A sin 0 (13-120) 
Pi 

k 4 bi 

t = xor t5 — pi sin 0 (13-12d) 
p 


H -Plane (¢ = 0) 
E, — Eo —0 (13-132) 


a / kp, Eye" 


Ey =-j d (1 + cos 6) 5 ; F(t), t7) 
—sin8| — (5 
2 2 
(13-13b) 
b k 
fed. (13-13c) 
2Y zo 
bi k 
t! =+—,/— 13-13d 
2=+ 2 Vi ( ) 


To better understand the performance of an E-plane sectoral horn and gain some 
insight into its performance as an efficient radiator, a three-dimensional normalized 
field pattern has been plotted in Figure 13.3 utilizing (13-11a)—-(13-11c). As expected, 
the E-plane pattern is much narrower than the H -plane because of the flaring and larger 
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Figure 13.3 Three-dimensional field pattern of E-plane sectoral horn (pj = 6A, bı = 2.754, 
a = 0.52). 


dimensions of the horn in that direction. Figure 13.3 provides an excellent visual view 
of the overall radiation performance of the horn. To display additional details, the cor- 
responding normalized E- and H-plane patterns (in dB) are illustrated in Figure 13.4. 
These patterns also illustrate the narrowness of the E-plane and provide information 
on the relative levels of the pattern in those two planes. 

To examine the behavior of the pattern as a function of flaring, the E-plane patterns 
for a horn antenna with po; = 154 and with flare angles of 20^ < 2w, < 35° are plotted 
in Figure 13.5. A total of four patterns is illustrated. Since each pattern is symmetrical, 
only half of each pattern is displayed. For small included angles, the pattern becomes 
narrower as the flare increases. Eventually the pattern begins to widen, becomes flatter 
around the main lobe, and the phase tapering at the aperture is such that even the 
main maximum does not occur on axis. This is illustrated in Figure 13.5 by the pattern 
with 2y, = 35°. As the flaring is extended beyond that point, the flatness (with certain 
allowable ripple) increases and eventually the main maximum returns again on axis. It 
is also observed that as the flaring increases, the pattern exhibits much sharper cutoff 
characteristics. In practice, to compensate for the phase taper at the opening, a lens is 
usually placed at the aperture making the pattern of the horn always narrower as its 
flare increases. 

Similar pattern variations occur as the length of the horn is varied while the flare 
angle is held constant. As the length increases, the pattern begins to broaden and 
eventually becomes flatter (with a ripple). Beyond a certain length, the main maximum 
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Figure 13.4 E- and H-plane patterns of an E-plane sectoral horn. 


does not even occur on axis, and the pattern continues to broaden and to become flatter 
(within an allowable ripple) until the maximum returns on axis. The process continues 
indefinitely. 

An observation of the E-plane pattern, as given by (13-12a)—(13-12d), indicates 
that the magnitude of the normalized pattern, excluding the factor (1 + cos@), can be 
written as 


Eon = F(t, 6) = [C(H) — C(t] — JESE) — S] (13-14a) 
ye k bi E : = bi = 1 801A bi : 
t = = (-2 pı sind ) = Vel i-i( pi ) (= sno) 
- i5 = x (:) (2 sino) | (13-14b) 
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Figure 13.5 £-plane patterns of E-plane sectoral horn for constant length and different 
included angles. 


k fb b? 1 A 
t = |- — (2 - pend | qe sh Pi sind 
mp, \ 2 8rp1 4\ bi À 
1/1 b 
= JE m (:) (2 sino) | (13-14c) 


_ bi 
s= 
8Ap1 


(13-14d) 


For a given value of s, the field of (13-14a) can be plotted as a function of bı /A sin 0, as 


shown in Figure 13.6 for s = 4, 1, +, 1, 3, and 1. These plots are usually referred to 
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Figure 13.6 — E-plane universal patterns for E-plane sectoral and pyramidal horns. 


as universal curves, because from them the normalized E-plane pattern of any E-plane 
sectoral horn can be obtained. This is accomplished by first determining the value of 
s from a given b, and p; by using (13-14d). For that value of s, the field strength (in 
dB) as a function of (b, /A) sin0 (or as a function of 0 for a given bj) is obtained from 
Figure 13.6. Finally the value of (1 4- cos0), normalized to O dB and written as 20 
log;o[(1 + cos @)/2], is added to that number to arrive at the required field strength. 


Example 13.2 


An E-plane horn has dimensions of a = 0.5A, b = 0.25A, b, = 2.754, and p, = 64. Find 
its E-plane normalized field intensity (in dB and as a voltage ratio) at an angle of 0 = 90° 
using the universal curves of Figure 13.6. 

Solution: Using (13-14d) 


b? 2.75)? 1 
Te pea ALS reyes 
8Api 8(6) 6.3 
None of the curves in Figure 13.6 represents s — 5 Therefore interpolation will be used 
between the s = i and s = i curves. 
At 0 = 90° 7 
= sin(@) = 2.75 sin(90°) = 2.75 
and at that point the field intensity between the s = i and s — i curves is about —20 dB. 


Therefore the total field intensity at 0 = 90° is equal to 


1 + cos 90° 


Eo = —20 + 201logi;o ( 5 


) = -20-6 = -26 aB 


or as a normalized voltage ratio of 
Eg = 0.05 


which closely agrees with the results of Figure 13.4. 
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13.2.3 Directivity 


The directivity is one of the parameters that is often used as a figure of merit to 
describe the performance of an antenna. To find the directivity, the maximum radiation 


is formed. That is, 
2 


r 
Umax = U (0, Q) [max Se 


EJ? 13-15 
2 | ( ) 


max 


For most horn antennas |E|max is directed nearly along the z-axis (0 = 0°). Thus, 


2a4/ 1 kp 
[Elmax = y |Eolinax + |Eb lhas = -a aro (13-16) 
Using (13-11b), (13-11c), and (13-9c) 
2a./mk 
| Eo|max = SES 4 a | E, sin $ F (t)] (13-162) 
T^r 
2a / TK 
| Eo|max = EE T P! IE: cos oF (0) (13-16b) 
T^r 
F(t) =[C(t) — j5(0)] (13-16c) 
DCUM M NE (13-16d) 
E TPI ~ 2X01 
since 
herb, (13-16e) 
jii cu Es cal (13-16f) 
vr ^ 2WVz5 Jf 2À41 
pode eR... nU (13-16g) 
oe ae: TPI B JV 2Ap1 d 
C(-t) = —C(t) (13-16h) 
S(—t) = —S(t) (13-16i) 
Thus 3 T 
r a 
Umax = IED y¢ = A1 E PIFO 
2n nm 
4 2 E 2 
zee ppp (13-17) 
nar 
where 
ro =[cr(aan)+e (Bey) ani 
2X VJ 2i 


The total power radiated can be found by simply integrating the average power 
density over the aperture of the horn. Using (13-1a)-(13-1d) 
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+bı/2 pta/2 
Prag = JJ Re(E/ x H^). ds = J |E; |? cos (E x’) dx' dy’ 
—bı/2 J—a/2 a 
(13-18) 
which reduces to 

bia 

Paa = |E — (13-18a) 
4n 


Using (13-17) and (13-18a), the directivity for the E-plane horn can be written as 


Ast Umax _ Stap: 


E= -IFO 


P, rad 
Sa a ** C] 
mAb 1 A/2Xpi A2Xpi 

The overall performance of an antenna system can often be judged by its beamwidth 
and/or its directivity. The half-power beamwidth (HPBW), as a function of flare angle, 
for different horn lengths is shown in Figure 13.7. In addition, the directivity (normal- 
ized with respect to the constant aperture dimension a) is displayed in Figure 13.8. For 
a given length, the horn exhibits a monotonic decrease in half-power beamwidth and 
an increase in directivity up to a certain flare. Beyond that point a monotonic increase 
in beamwidth and decrease in directivity 1s indicated followed by rises and falls. The 
increase in beamwidth and decrease in directivity beyond a certain flare indicate the 
broadening of the main beam. 

If the values of b, (in A), which correspond to the maximum directivities in Figure 13.8, 


are plotted versus their corresponding values of o, (in A), it can be shown that each 
optimum directivity occurs when 


(13-19) 


bi = A/2.01 (13-192) 


with a corresponding value of s equal to 


bi 


Slo, = V2AP1 = Sop = Boi 
1 


1 
4 (13-19b) 


by =/ 2p} 


The classic expression of (13-19) for the directivity of an E-plane horn has been 
the standard for many years. However, it has been shown that this expression may not 
always yield very accurate values for the on-axis directivity. A more accurate expres- 
sion for the maximum on-axis directivity based on an exact open-ended parallel-plate 
waveguide analysis has been derived, and it yields a modification to the on-axis value of 
(13-19), which provides sufficient accuracy for most designs [12], [13]. Using (13-19a), 
the modified formula for the on-axis value of (13-19) can be written as [12], [13] 


zaf A 
Dg (max) = m G (=) Ls ( bi ) e? ( i) (13-19c) 


AY + AS/A) MAX J2Xpi 
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Figure 13.7  Half-power beamwidth of E-plane sectoral horn as a function of included angle 
and for different lengths. 


where A, is the guide wavelength in the feed waveguide for the dominant TEj9 mode. 
Predicted values based on (13-19) and (13-19c) have been compared with measure- 


ments and it was found that (13-19c) yielded results which were closer to the measured 
values [12]. 


The directivity of an E-plane sectoral horn can also be computed by using the 


following procedure [14]. 
b 50 
pad (13-20a) 
AV Pe/à 


2. Using this value of B, find the corresponding value of Gg from Figure 13.9. If, 
however, the value of B is smaller than 2, compute G g using 


1. Calculate B by 


32 
Gg — —B (13-20b) 
VIA 
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Figure 13.8 Normalized directivity of E-plane sectoral horn as a function of aperture size and 
for different lengths. 
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Figure 13.9 Gz as a function of B. (source: Adopted from data by E. H. Braun, “Some Data 
for the Design of Electromagnetic Horns,” IRE Trans. Antennas Propagat., Vol. AP-4, No. 1, 
January 1956. © 1956 IEEE) 
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3. Calculate Dg by using the value of Gg from Figure 13.9 or from (13-20b). Thus 


a 
X [50 (13-20c) 
pe 


Example 13.3 


An E-plane sectoral horn has dimensions of a = 0.54, b = 0.254, by = 2.754, and p, = 64. 
Compute the directivity using (13-19) and (13-20c). Compare the answers. 
Solution: For this horn 


Dine aan 
V2hp1 x 


Therefore (from Appendix IV) 


[C(0.794)P = (0.72)? = 0.518 
[5(0.794)?? = (0.24)? = 0.0576 


Using (13-19) 


_ 64(0.5)6 


DE = (0.518 + 0.0576) = 12.79 = 11.07 dB 
2.757 


To compute the directivity using (13-20c), the following parameters are evaluated: 


2.75\? 
ge = AY? + =) = 6.1555a 


50 50 
= = 2.85 
pe/a  V 6.1555 


B = 2.75(2.85) = 7.84 


For B = 7.84, Gg = 73.5 from Figure 13.9. Thus, using (13-20c) 


|. 0.5(73.5) 


= = 12.89 = 11.10 dB 
5 2.85 


Obviously an excellent agreement between the results of (13-19) and (13-20c). 


13.3 H-PLANE SECTORAL HORN 


Flaring the dimensions of a rectangular waveguide in the direction of the H-field, while 
keeping the other constant, forms an H-plane sectoral horn shown in Figure 13.1(b). 
A more detailed geometry is shown in Figure 13.10. 
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(a) H-plane sectoral horn 


(b) H-plane view 


Figure 13.10 — H-plane sectoral horn and coordinate system. 


The analysis procedure for this horn is similar to that for the E-plane horn, which 
was outlined in the previous section. Instead of including all the details of the formu- 
lation, a summary of each radiation characteristic will be given. 


13.3.1 Aperture Fields 


The fields at the aperture of the horn can be found by treating the horn as a radial wave- 
guide forming an imaginary apex shown dashed in Figure 13.10. Using this method, 
it can be shown that at the aperture of the horn 


EL = Hi =0 (13-21a) 


E! (x) = E2 cos (Z=) enik) (13-21b) 
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E Vee 
H! (x!) = —— cos (=) e TG) (13-21c) 
n aj 
1 n 
POE e pet ali (13-21d) 
2 \ 2 
P2 = Ph COS Yh (13-21e) 


13.3.2 Radiated Fields 


The fields radiated by the horn can be found by first formulating the equivalent current 
densities J, and M,. Using (13-21a)—(13-21c), it can be shown that over the aperture 
of the horn 


J, = J, = My, = M,=0 (13-22a) 
E $ $: 
Jy = —— cos (=) g HO (13-22b) 
n ai 
M.=E T Y —jks(x) 
x = Ecos | —x Je (13-22c) 
a 


and they are assumed to be zero elsewhere. Thus (12-12a) can be expressed as 


ah E 
Mc | li Jy cos 6 cos petit” ds! = — 2 cos sind h h (13-23) 
: n 
where 
_ (kb. 
+b/2 sin Es sin0 sing 
I= I etio sint sing qy! p| UL (13-23a) 
2e — sin 0 sin 
2 i ind 
+a, /2 x . i 
h= / cos (==) QUID SU RM E (13-23b) 
—aj/2 a, 


By rewriting cos[(z/a;)x'] as 


jGr/ai)x! —jG/ai)x! 
cos (=) = ed (13-24) 


(13-23b) can be expressed as 
b=} +I} (13-25) 


where 


E [APE eiet) — €(t)] — JISE) — S(t} (13-26) 


je E Ed 13-26 
Ti T kp» 2 x2 ( z a) 
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I k 
"E += Kon (13-26b) 
T kp» 
k! = ksin 6 cos + — — (13-26c) 


1 
If = z | PRAEC) — cap] - JISE) — SEN (13-27) 
(13-27a) 
(13-27b) 


= ksin 0 cos ġ — — (13-27c) 


C(x) and S(x) are the cosine and sine Fresnel integrals of (13-8c) and (13-8d), and 
they are well tabulated (see Appendix IV). 


With the aid of (13-23a), (13-25), (13-26), and (13-27), (13-23) reduces to 


Net -p ze jee tel ra. t) + ef? Fa", «| (13-28) 
F(t, t2) = [C(2) — C(t))] — JIS) — S(1)] (13-282) 

(13-28b) 

(13-28c) 


In a similar manner, Ng, Le, and Lg of (12-12b)—(12-12d) can be written as 


b |x cos @ sin Y 
Ny = —E zs [ene £ 
n 


ge Se^ rai. i e eh rati (13-292) 
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b 
Le = Eas j=? [eost cosg T Y ei FE, th) + ef? F(t", a (13-29b) 


b 
Lọ = -E23 = [sin 


pt) + ef? FE, a (13-29c) 


The far-zone electric field components of (12-10a)—(12-10c) can then be expressed as 


(13-30a) 
(13-30b) 
x [sno + tye ale Fe, t) + eP FE, a 
n b [kp e? 
Eg = jEo=,/ — 
gy ^V m r 
(13-30c) 
sin Y jj P ub i Ho QI 
x {20s (cose + pepe F(t, t) + ery, a 
The electric field in the principal E- and H-planes reduces to 
E -Plane (ġ = 2/2) 
E, = Ey =0 (13-31a) 
b kp ei" inY . 
Roxy e sd. fa + cos 0) — [efi F(t, (2) + ef Ft", “| 
8V x r Y 
(13-31b) 
kb . 
Y- ur sin 0 (13-31c) 
Co (13-31d) 
a 
pec (13-316) 
aj 
H -Plane (¢ = 0) 
E, = Eg =0 (13-32a) 


—jir 
Ey = jEj | 2 — A Kt(Gosd ED FE, t) ef Fa", ey} (13-32b) 
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ko — ksind + — (13-320) 
ai 
r VIA 

k” =ksing — = (13-32d) 
aj 


with fi, fo, F(t), £5), F(t’, 15), ti, t5, ti, and t as defined previously. 

Computations similar to those for the E-plane sectoral horn were also performed 
for the H-plane sectoral horn. A three-dimensional field pattern of an H-plane sectoral 
horn is shown in Figure 13.11. Its corresponding E- and H-plane patterns are displayed 
in Figure 13.12. This horn exhibits narrow pattern characteristics in the flared H-plane. 

Normalized H-plane patterns for a given length horn (o; = 124) and different flare 
angles are shown in Figure 13.13. A total of four patterns is illustrated. Since each 
pattern is symmetrical, only half of each pattern is displayed. As the included angle 
is increased, the pattern begins to become narrower up to a given flare. Beyond that 
point the pattern begins to broaden, attributed primarily to the phase taper (phase error) 
across the aperture of the horn. To correct this, a lens is usually placed at the horn 
aperture, which would yield narrower patterns as the flare angle is increased. Similar 
pattern variations are evident when the flare angle of the horn is maintained fixed while 
its length is varied. 
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Figure 13.11  Three-dimensional field pattern of an H -plane sectoral horn (p; = 6A, a, = 5.54, 
b — 0.252). 
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Figure 13.12 E- and H-plane patterns of H-plane sectoral horn. 


The universal curves for the H-plane sectoral horn are based on (13-32b), in the 
absence of the factor (1 + cos0). Neglecting the (1 + cos) factor, the normalized 
H -plane electric field of the H-plane sectoral horn can be written as 


Eon = [e^ F(t, £5) + e F(t,17)] (13-33) 
F(t, t5) = [C(t2) — C(t)] — JiS) — S(85)] (13-332) 
KM» p(,. x 
fi = 2k = 2k (sino +=) 


BI DE ;( 2 ) 13-33b 
rJ Va 009) [1*5 V sino M 


762 HORN ANTENNAS 


p2 = 120 p2 = 124 
2y, = 15° —— 2a, = 25? 
—— — — 2, = 20° —— — — 2y, = 30° 
ae ot F 
«c. Wa fa a 
4 
I-— p2 — 


Figure 13.13 H-plane patterns of H-plane sectoral horn for constant length and different 
included angles. 
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=i |l: E I (:) (+ sin) x . G) (13-33d) 


cud E " I (:) (> sine) = . (=) (13-33e) 


coa |l: 2 I (:) (= sing) F . G) (13-33f) 


1/1 a. 1/1 


(13-33h) 


z 8Ap2 


For a given value of t, as given by (13-33h), the normalized field of (13-33) is plotted 
in Figure 13.14 as a function of (a,/A)sin@ for t = a B i 1 i and 1. Follow- 
ing a procedure identical to that for the E-plane sectoral horn, the H-plane pattern 
of any H-plane sectoral horn can be obtained from these curves. The normalized 
value of the (1+ cos@) factor in dB, written as 20 log,)[(1 + cos0)/2], must also 


be included. 


13.3.3 Directivity 


To find the directivity of the H-plane sectoral horn, a procedure similar to that for the 
E-plane is used. As for the E-plane sectoral horn, the maximum radiation is directed 
nearly along the z-axis (0 — 0^). Thus 


b 2» : í 7 1 
| Eo |max = lE SA sin $([C(t5) + C(t5) — C(t) 


= C(t)] JISE) + SE) — SQ) — SDD (13-34) 
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= sin 0 
Figure 13.14 H-plane universal patterns for H-plane sectoral and pyramidal horns. 
1 ka, T 
p= SSS EE 13-34 
1 zko ( 2 B 3 ( a) 
1 ka, T 
t = ar Ex oe 13-34b 
2 ET (+ 3j m 3 ( ) 
1 ka, T 
t = -—— + —$»j-2-5- 13-34 
1 zko ( 2 Z on) 2—U ( c) 
PEN EON uL LP eer a (13-34d) 
27 Y xkpm 2 a ij anu s i 
Since 
C(—x) = -C (x) (13-35a) 
S(—x) = — S(x) (13-35b) 
b |M; ; 
|Eolmax = [E217 | =| sin é(IC GO — CQ] — jS) — $60] (13-36) 
H" / 1 kay T ) 1 (* Ap2 a1 ) 
u =t, =-t = — +—p | == + (13-36a) 
2 l nkp ( 2 Pu J/2 dj Ap 


1 kay x 1 (V/Ap2 ay 
Lc. Se Ai EE = 13-36b 
i : 2 7T kp» ( 2 zo) J/2 ( ay NA ( ) 
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Similarly 


b 
[Zale = |E2|—,/ =| cos $([C(u) — C(v)] — jis) — S(v)]}| (13-37) 
Thus 


b 
IE |max = y lEolhax + |Eolhax = |E2l= Zile) — Co)? + Sq) - SF? 
(13-38) 
= Dp 2 2 
Umax = |Eal ag ew - CWP + LSG) — S@)P} (13-39) 


The total power radiated can be obtained by simply integrating the average power 
density over the mouth of the horn, and it is given by 


= 7 ba, 
Paa = |E3 7 — (13-40) 
n 


Using (13-39) and (13-40), the directivity for the H-plane sectoral horn can be writ- 
ten as 


B AmUgax  4rbp 


E i ^ E ; 
E Prad D ar x {[C@) — CQ)Y + [S@) — SV} (13-41) 
where 
- 1 VAp2 ay ) 
= ( EUN v5 (13-41a) 
1 (VAp2 ay ) 
E H 13-41b 
f J/2 ( ai NY ( ) 


The half-power beamwidth (HPBW) as a function of flare angle is plotted in Figure 13.15. 
The normalized directivity (relative to the constant aperture dimension b) for different 
horn lengths, as a function of aperture dimension aj, is displayed in Figure 13.16. As for 
the E-plane sectoral horn, the HPBW exhibits a monotonic decrease and the directivity 
a monotonic increase up to a given flare; beyond that, the trends are reversed. 

If the values of a, (in 4), which correspond to the maximum directivities in 
Figure 13.16, are plotted versus their corresponding values of o» (in A), it can be 
shown that each optimum directivity occurs when 


a, c J3Àp; (13-416) 
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Figure 13.15  Half-power beamwidth of H-plane sectoral horn as a function of included angle 
and for different lengths. 


with a corresponding value of t equal to 


2 


0. 14 3 
llam fo 7 Io = Ei 8 (13-41d) 


a =/3ip2 


The directivity of an H-plane sectoral horn can also be computed by using the 


following procedure [14]. 
50 
anA (13-42a) 
AV Pn/À 


1. Calculate A by 
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Figure 13.16 Normalized directivity of H-plane sectoral horn as a function of aperture size 
and for different lengths. 


2. Using this value of A, find the corresponding value of Gy from Figure 13.17. 
If the value of A is smaller than 2, then compute G y using 


32 
Gg — —A (13-42b) 
A 


3. Calculate Dy by using the value of Gy from Figure 13.17 or from (13-42b). 
Thus 


(13-42c) 


This is the actual directivity of the horn. 
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Figure 13.17 Gy as a function of A. (source: Adopted from data by E. H. Braun, “Some Data 
for the Design of Electromagnetic Horns,” IRE Trans. Antennas Propagat., Vol. AP-4, No. 1, 
January 1956. © 1956 IEEE) 


Example 13.4 
An H-plane sectoral horn has dimensions of a = 0.54, b = 0.25), ay = 5.54, and p2 = 64. 
Compute the directivity using (13-41) and (13-42c). Compare the answers. 
Solution: For this horn 


Therefore (from Appendix IV) 


C(1.9) = 0.394 
C(=1.273) = —C (1.273) = —0.659 
S(1.9) = 0.373 


S(—1.273) = —S (1.273) = —0.669 
Using (13-41) 


Ar (0.25)6 
Dy — rS (394 + 0.659)? + (0.373 + 0.669)?] 


Dy = 7.52 = 8.763 dB 
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To compute the directivity using (13-42c), the following parameters are computed: 


pn = AA (6)? + (5.5/2)? = 6.64. 
uum =) at = 2.7524 
pn ^. 6.6 

A = 5.5(2.7524) = 15.14 


For A = 15.14, Gy = 91.8 from Figure 13.17. Thus, using (13-42c) 


_ 0.25(91.8) 


i= = 8.338 = 9.21 dB 
5 2.1524 eee 


Although there is a good agreement between the results of (13-41) and (13-42c), they do 
not compare as well as those of Example 13.3. 


13.4 PYRAMIDAL HORN 


The most widely used horn is the one which is flared in both directions, as shown in 
Figure 13.18. It is widely referred to as a pyramidal horn, and its radiation character- 
istics are essentially a combination of the E- and H-plane sectoral horns. 


13.4.1 Aperture Fields, Equivalent, and Radiated Fields 


To simplify the analysis and to maintain a modeling that leads to computations that 
have been shown to correlate well with experimental data, the tangential components 
of the E- and H-fields over the aperture of the horn are approximated by 


VIA ; n r 
EG. y) = Eg cos (=) e EG [y^ [p0/2] (13-432) 
aj 
Eo VIA 3 12 2 
H'(x,, y) =- cos | —x' Je SUK" /p2+y”/p1)/2] (13-43b) 
n ai 


and the equivalent current densities by 


E f f / 
Jy(x', y) = —— cos (==) a pane (13-44a) 
n a 
T ; D E 
M, G^, y) = Eo cos (Z=) EIN (3-44b) 
ai 


The above expressions contain a cosinusoidal amplitude distribution in the x' direction 
and quadratic phase variations in both the x’ and y' directions, similar to those of the 
sectoral E- and H-plane horns. 
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(c) H-plane view 


Figure 13.18 Pyramidal horn and coordinate system. 


The Ne, Ng, Le and Lg can now be formulated as before, and it can be shown that 
they are given by 


No 


Eo 
— — cos sin o f, h (13-452) 
n 


Eo 
No = — — cosdlh (13-45b) 
n 
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Lg = Eo cos cos dl h (13-45c) 
Lo = — Eo sin dl I; (13-45d) 
where 
tay /2 T i n fet. 
i= J le e E ea (13-45e) 
—a;/2 a 
uc P 
= f g- [Ho /Qp)- y sintsingl quy (13-45f) 
—b/2 


Using (13-23b), (13-25), (13-26), and (13-27), (13-45e) can be expressed as 


np: 
k 


(e 29 TC) — cq] JESE) — SQDT) 


(13-46) 
+ ei PO TCH) — cq] — JIS) — Sq) 


where ti, t}, kl, ti, t5, and k” are given by (13-26a)—(13-26c) and (13-27a)-(13-27c). 
Similarly, using (13-5)—(13-8d), J2 of (13-45f) can be written as 


h= [8 (Cw) - C(t)] — jl$:) — S(t0]) (13-47) 


where ky, t, and f? are given by (13-5a), (13-82), and (13-8b). 
Combining (13-45a)-(13-45d), the far-zone E- and H-field components of 
(12-10a)—(12-10c) reduce to 


E cd (13-482) 
jkr 
Eg = — j — [L N, 
0 J i o + nNol] 
are eco 0)h1 
= j— j; BB + cos 0) h] (13-48b) 
e kr 
E = +j Lo — nN, 
PEE Tm [Lo — No] 
kE —jkr 
= jM " ([cosó(cos0 + 1) b] (13-48c) 
Amr 


where J; and Jy are given by (13-46) and (13-47), respectively. 
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Figure 13.19 Three-dimensional field pattern of a pyramidal horn (op, = p2 = 6A, a, = 5.54, 
b, = 2.754, a =0.5A, b = 0.25A). 


The fields radiated by a pyramidal horn, as given by (13-48a)—(13-48c), are valid for 
all angles of observation. An examination of these equations reveals that the principal 
E-plane pattern (@ = 2/2) of a pyramidal horn, aside from a normalization factor, is 
identical to the E-plane pattern of an E-plane sectoral horn. Similarly the H-plane 
($ = 0) is identical to that of an H-plane sectoral horn. Therefore the pattern of a 
pyramidal horn is very narrow in both principal planes and, in fact, in all planes. 
This is illustrated in Figure 13.19. The corresponding E-plane pattern is shown in 
Figure 13.4 and the H-plane pattern in Figure 13.12. 

To demonstrate that the maximum radiation for a pyramidal horn is not necessarily 
directed along its axis, the three-dimensional field pattern for a horn with o, = p2 = 
6A, a, = 12A, b, = 6A, a= 0.50X and b = 0.254 is displayed in Figure 13.20. The 
corresponding two-dimensional E- and H-plane patterns are shown in Figure 13.21. 
The maximum does not occur on axis because the phase error taper at the aperture is 
such that the rays emanating from the different parts of the aperture toward the axis 
are not in phase and do not add constructively. 

To physically construct a pyramidal horn, the dimension pe of Figure 13.18(b) 
given by 


(13-49a) 
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Figure 13.20 Three-dimensional field pattern of a pyramidal horn with maximum not on axis 
(91 = p» = OA, ay = 12A, bı = 6A, a = 0.54, b = 0.252). 


should be equal to the dimension p; of Figure 13.18(c) given by 


(13-49b) 


The dimensions chosen for Figures 13.19 and 13.20 do satisfy these requirements. For 
the horn of Figure 13.19, o, = 6.15554, Pn = 6.6A, and o, = pn = 5.45444, whereas 
for that of Figure 13.20, pe = 6.70824, on = 8.48534, and p, = pn = 5.754. The fields 
of (13-48a)—(13-48c) provide accurate patterns for angular regions near the main lobe 
and its closest minor lobes. To accurately predict the field intensity of the pyra- 
midal and other horns, especially in the minor lobes, diffraction techniques can be 
utilized [15]-[18]. These methods take into account diffractions that occur near the 
aperture edges of the horn. The diffraction contributions become more dominant in 
regions where the radiation of (13-48a)—(13-48c) is of very low intensity. 

In addition to the previous methods, the horn antenna has been examined using full- 
wave analyses, such as the Method of Moments (MoM) [8] and the Finite-Difference 
Time-Domain (FDTD) [19]. These methods yield more accurate results in all regions, 


774 HORN ANTENNAS 


90° 90° 


Pi = Pr = 6A 
d, — 12A 
bi — 6X F 
a=0.5A 180 
b=0.25A 
E-plane 
mmc H-plane 


Figure 13.21 Œ- and H-plane amplitude patterns of a pyramidal horn with maximum not on 
axis. 


and they are able to include many of the other features of the horn, such as its wall 
thickness, etc. Predicted patterns based on these methods compare extremely well with 
measurements, even in regions of very low intensity (such as the back lobes). An 
example of such a comparison is made in Figure 13.22(a, b) for the E- and H-plane 
patterns of a 20-dB standard-gain horn whose Method of Moment predicted values 
are compared with measured patterns and with predicted values based on (13-482) and 
(13-48c), which in Figure 13.22 are labeled as approximate. It is apparent that the 
MoM predicted patterns compare extremely well with the measured data. 

All of the patterns presented previously represent the main polarization of the field 
radiated by the antenna (referred to as copolarized or copol). If the horn is symmetrical 
and it is excited in the dominant mode, ideally there should be no field component 
radiated by the antenna which is orthogonal to the main polarization (referred to 
as cross polarization or cross-pol), especially in the principal planes. However, in 
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Figure 13.22 Comparison of E- and H-plane patterns for 20-dB standard-gain horn at 10 GHz. 


practice, either because of nonsymmetries, defects in construction and/or excitation 
of higher-order modes, all antennas exhibit cross-polarized components. These cross- 
pol components are usually of very low intensity compared to those of the primary 
polarization. For good designs, these should be 30 dB or more below the copolarized 


fields and are difficult to measure accurately or be symmetrical, as they should be in 
some cases. 
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13.4.2 Directivity 


As for the E-and H-plane sectoral horns, the directivity of the pyramidal configuration 
is vital to the antenna designer. The maximum radiation of the pyramidal horn is 
directed nearly along the z-axis (0 = 0°). It is a very simple exercise to show that 
| Eo|max: |Eglmax, and in turn Umax can be written, using (13-48b) and (13-48c), as 


n P 
|Eolmax = |Eo sin p| ZC) — COP + [S(u) — SP}? 
le( bi )«s( bi j^ (13-502) 
x - a 
V2Ap1 v 2X1 
2 p 
|Eglmax = |Eo cos p| —— (IC u) — Cv) P + ESQ) — SP}? 
le( bi )«s( pi J (13-50b) 
x a 
/2Xpi ~v 2| 
r? ore 2 2 
Umax = 3; Ela = (Eo —— {C (u) — C(v)] + [S(u) — SQOl] 
x le ( 2 ) 49? ( zi ) (13-50c) 
V2Ap1 v 2X1 
where u and v are defined by (13-41a) and (13-41b). 
Since 
24 ah 
Prad = = | Eo [n (13-51) 
the directivity of the pyramidal horn can be written as 
Ar Umax =e p. 
Deer y, (Ca) - CQ)P +S) — SQ)F) 
" i (13-52) 
d T )**()] 
| 2Apı 2Apı 
which reduces to 
D,2 7 ppp (13-522) 
P dab e 


where Dg and Dy are the directivities of the E- and H-plane sectoral horns as given 
by (13-19) and (13-41), respectively. This is a well-known relationship and has been 
used extensively in the design of pyramidal horns. 
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The directivity (in dB) of a pyramidal horn, over isotropic, can also be approxi- 
mated by 


D, (dB) = 10 E + logo (=) e bp (13-53) 


where L, and L, represent, respectively, the losses (in dB) due to phase errors in the 
E- and H-planes of the horn which are found plotted in Figure 13.23. 
The directivity of a pyramidal horn can also be calculated by doing the follow- 


ing [14]. 
a1 50 
A = — 13-54a 
AV pu/À 


(13-54b) 


1. Calculate 


T 


Loss figures due to phase error (dB) 
an 


L t 
L. Aa pes EATE ORR | 
0 0.2 0.4 0.6 0.8 1.0 


Maximum aperture phase error (1, s; wavelengths) 


Figure 13.23 Loss figures for E- and H-planes due to phase errors. (source: W. C. Jakes, in 
H. Jasik (ed.), Antenna Engineering Handbook, McGraw-Hill, New York, 1961). 
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2. Using A and B, find Gy and Gz, respectively, from Figures 13.17 and 13.9. If 
the values of either A or B or both are smaller than 2, then calculate Gg and/or 


nae 32 
GRISE (13-54c) 

VIA 

32 
Gy =A (13-54d) 


3. Calculate D, by using the values of Gg and Gg from Figures 13.9 and 13.17 
or from (13-54c) and (13-54d). Thus 


MR GeGu GeGy 
pp Ee D en 
32 [50 [ 50 50 [ 50 
zd pt 10.1859 /—— / 
7 V pe/AV pn/dr De[ KV pn/r (13-54e) 
E Ax A 
Sub 4. 


where Dg and Dg are, respectively, the directivities of (13-20c) and (13-42c). 
This is the actual directivity of the horn. The above procedure has led to results 
accurate to within 0.01 dB for a horn with o, = pn = 504. 


A commercial X-band (8.2—12.4 GHz) horn is that shown in Figure 13.24. It is a 
lightweight precision horn antenna, which is usually cast of aluminum, and it can be 
used as a 


dl 
16 


A-5 
B = 3i; in. (7.86 cm) 
C 


in. (12.86 cm) 


"= 215 in. (5.95 cm) 


Typical calibration 


Gain (dB) 
aan 


8.0 9.0 10.0 11.0 12.0 12.4 
Frequency—GHz 


Figure 13.24 Typical standard gain X-band (8.2—12.4 GHz) pyramidal horn and its gain char- 
acteristics. (Courtesy of The NARDA Microwave Corporation). 
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Figure 13.25 Gains of the pyramidal horn which were measured, computed, and provided by 
the manufacturer. The amplitude patterns of the horn are shown in Figure 13.22. 


standard for calibrating other antennas 
feed for reflectors and lenses 
pickup (probe) horn for sampling power 


E CDL 


receiving and/or transmitting antenna. 


It possesses an exponential taper, and its dimensions and typical gain characteristics 
are indicated in the figure. The half-power beamwidth in both the E- and H-planes is 
about 28° while the side lobes in the E- and H-planes are, respectively, about 13 and 
20 dB down. 

Gains of the horn antenna which were measured, predicted, and provided by the 
manufacturer, whose amplitude patterns are shown in Figure 13.22, are displayed in 
Figure 13.25. A very good agreement amongst all three sets is indicated. 


Example 13.5 


A pyramidal horn has dimensions of p; = p2 = 6A, a) = 5.5À, bı = 2.75), a = 0.54, and 
b — 0.254. 


a. Check to see if such a horn can be constructed physically. 
b. Compute the directivity using (13-52a), (13-53), and (13-54e). 


Solution: From Examples 13.3 and 13.4. 


pe = 6.15554. 
Ph = 6.67. 


780 HORN ANTENNAS 


Thus 


6.1555\> 1 
De = (2.75 — 0.25)A (S2) -7 55454 


Therefore the horn can be constructed physically. 

The directivity can be computed by utilizing the results of Examples 13.3 and 13.4. Using 
(13-52a) with the values of Dg and Dy computed using, respectively, (13-19) and (13-41) 
gives 


mh? 


Dy = =—D 12.79) (7.52) = 75.54 = 18.78 dB 
P = 32ab (12.79) (7.52) 


EDH = 30.5025) 


Utilizing the values of Dg and Dy computed using, respectively, (13-20c) and (13-42c), 
the directivity of (13-54e) is equal to 


TA m 
D, = — Dg Dy = —————-(12.89)(8.338) = 84.41 = 19.26 dB 
Deco + esas ee 
For this horn yi AE 
GE m) — 0.1575 

8Ap1 8(6) 
p 2 

ER Og 

8i02 8(6) 

For these values of s and t 

Lg — 0.20 dB 
Lg = 2.75 dB 


from Figure 13.23. Using (13-53) 


D, = 10{1.008 + log ;9[5.5(2.75)]} — (0.20 + 2.75) = 18.93 dB 


The agreement is best between the directivities of (13-52a) and (13-53). 


A MATLAB and FORTRAN computer program entitled Pyramidal Horn-Analysis 
has been developed to analyze the radiation characteristics of a pyramidal horn and 
the directivities of the corresponding E- and H-plane sectoral horns. The program and 
the READ ME file are found in the CD attached to the book. 


19.4.8 Design Procedure 


The pyramidal horn is widely used as a standard to make gain measurements of other 
antennas (see Section 17.4, Chapter 17), and as such it is often referred to as a standard 
gain horn. To design a pyramidal horn, one usually knows the desired gain Gg and 
the dimensions a, b of the rectangular feed waveguide. The objective of the design is 
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to determine the remaining dimensions (a1, b1, Pe, Pn, Pe, and P) that will lead to an 
optimum gain. The procedure that follows can be used to accomplish this [2], [3]. 

The design equations are derived by first selecting values of bı and a, that lead, 
respectively, to optimum directivities for the E- and H-plane sectoral horns using 
(13-19a) and (13-41c). Since the overall efficiency (including both the antenna and 
aperture efficiencies) of a horn antenna is about 50% [2], [3], the gain of the antenna 
can be related to its physical area. Thus it can be written using (12-39c), (12-40), and 
(13-19a), (13-41c) as 


147 


27 27 
Go = 332 — (ab) = PR 3A» 2441 = pun 3Apn A 24, (13-55) 


since for long horns o; ~ o, and pı ~ o,. For a pyramidal horn to be physically 
realizable, P, and P; of (13-49a) and (13-49b) must be equal. Using this equality, it 
can be shown that (13-55) reduces to 


2 
"Yos (e 1a) (ob 
(m- 1) (2x -l= E On x 3 (3&7 i) (13-56) 


where 


A (13-562) 


Xo 8x3 (=) (13-56b) 


Equation (13-56) is the horn-design equation. 


1. As a first step of the design, find the value of x which satisfies (13-56) for a 
desired gain Gy (dimensionless). Use an iterative technique and begin with a 


trial value of 
Go 


21/20 

2. Once the correct x has been found, determine o, and p; using (13-56a) and 
(13-56b), respectively. 

3. Find the corresponding values of a, and b, using (13-192) and (13-41c) or 


X (trial) = x1 = (13-57) 


aq -—X 3X02 c VJ 3r0n = — 1X (13-58a) 


= 
= y 2Apı X J 2Ape = J 2XÀ (13-58b) 
4. The values of p, and p, can be found using (13-49a) and (13-49b). 


A MATLAB and FORTRAN computer program entitled Pyramidal Horn-Design has 
been developed to accomplish this, and it is included in the CD attached to the book. 
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Example 13.6 


Design an optimum gain X-band (8.2—12.4 GHz) pyramidal horn so that its gain (above 
isotropic) at f = 11 GHz is 22.6 dB. The horn is fed by a WR 90 rectangular waveguide 
with inner dimensions of a = 0.9 in. (2.286 cm) and b = 0.4 in. (1.016 cm). 

Solution: Convert the gain Go from dB to a dimensionless quantity. Thus 


Go(dB) = 22.6 = 10log,) Go > Go = 10??6 = 181.97 


Since f = 11 GHz, A = 2.7273 cm and 


a = 0.83824 
b = 0.37254 


. The initial value of x is taken, using (13-57), as 


181.97 
Xx = -~ 
s Qn 4/27 


which does not satisfy (13-56) for the desired design specifications. After a 
few iterations, a more accurate value is x — 11.1157. 


. Using (13-562) and (13-56b) 


— 11.5539 


Pe = 11.11574 = 30.316 cm = 11.935 in. 
Pn = 12.00944. = 32.753 cm = 12.895 in. 


. The corresponding values of a; and b; are 


a, = 6.0024 = 16.370 cm = 6.445 in. 
b, = 4.715A = 12.859 cm = 5.063 in. 


. The values of p, and p; are equal to 
Pe = Pn = 10.0054 = 27.286 cm = 10.743 in. 


The same values are obtained using the computer program at the end of this chapter. 

The derived design parameters agree closely with those of a commercial gain horn 
available in the market. As a check, the gain of the designed horn was computed using 
(13-52a) and (13-53), assuming an antenna efficiency e, of 100%, and (13-55). The 


values were 
Go X Do = 22.4 dB for (13-52a) 


Go = Do = 22.1 dB for (13-53) 
Go = 22.5 dB for (13-55) 


All three computed values agree closely with the designed value of 22.6 dB. 
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The previous formulations for all three horn configurations (E-plane, H-plane, and 
pyramidal) are based on the use of the quadratic phase term of (13-2b) instead of 
the spherical phase term of (13-2a). This was necessary so that the integrations can 
be performed and expressed in terms of cosine and sine Fresnel integrals. In order 
to examine the differences using the spherical phase term instead of the quadratic, 
especially as it relates to the directivity, a numerical integration was used in [20]. It 
was found that the directivity of a pyramidal horn of Figure 13.18 using the spherical 
phase term, instead of the quadratic 


e is basically the same for 
1. large aperture horns (a1, b, > 50A); 
2. small peak aperture phase errors (S = o, — pı < 0.2A or T = pn — p2 < 0.2A 
of Figure 13.18). 
e is slightly higher (more improved) by as much as 0.6 dB for 
1. intermediate apertures 
(5A < a, < 8A or 5A x bı < 8A); 
2. intermediate peak aperture phase errors 
(0.2A < S = pe — pı € 0.6A or 0.20 < T = py — p2 x 0.64 of Figure 13.18). 
e can be lower, especially for E-plane horns, for 


1. large peak aperture phase errors 
(S = pe — pı > 0.6X or T = py — p» > 0.64 of Figure 13.18). 


13.5 CONICAL HORN 


Another very practical microwave antenna is the conical horn shown in Figure 13.26. 
While the pyramidal, E-, and H-plane sectoral horns are usually fed by a rectangular 
waveguide, the feed of a conical horn is often a circular waveguide. 

The first rigorous treatment of the fields radiated by a conical horn is that of Schorr 
and Beck [21]. The modes within the horn are found by introducing a spherical coordi- 
nate system and are in terms of spherical Bessel functions and Legendre polynomials. 
The analysis is too involved and will not be attempted here. However data, in the 


Figure 13.26 Geometry of conical horn. 
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Figure 13.27  Directivity of a conical horn as a function of aperture diameter and for differ- 
ent axial horn lengths. (source: A. P. King, “The Radiation Characteristics of Conical Horn 
Antennas," Proc. IRE, Vol. 38, pp. 249—251, March 1950. © 1950 IEEE) 


form of curves [22], will be presented which give a qualitative description of the 
performance of a conical horn. 

Referring to Figure 13.27, it is apparent that the behavior of a conical horn is similar 
to that of a pyramidal or a sectoral horn. As the flare angle increases, the directivity 
for a given length horn increases until it reaches a maximum beyond which it begins 
to decrease. The decrease is a result of the dominance of the quadratic phase error at 
the aperture. In the same figure, an optimum directivity line is indicated. 

The results of Figure 13.27 behave as those of Figures 13.8 and 13.16. When the 
horn aperture (dm) is held constant and its length (L) is allowed to vary, the maxi- 
mum directivity is obtained when the flare angle is zero (y, = 0 or L = œœ). This is 
equivalent to a circular waveguide of diameter dm. As for the pyramidal and sectoral 
horns, a lens is usually placed at the aperture of the conical horn to compensate for its 
quadratic phase error. The result is a narrower pattern as its flare increases. 
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The directivity (in dB) of a conical horn, with an aperture efficiency of €ap and 
aperture circumference C, can be computed using 


Ar, Cy 
D. (dB) = 10 logo | €ap — Gra?) | = 10 logy ( =) — LG) (13-59) 


where a is the radius of the horn at the aperture and 


L(s) = —10log;o(e;5) (13-59a) 


The first term in (13-59) represents the directivity of a uniform circular aperture whereas 
the second term, represented by (13-59a), is a correction figure to account for the loss 
in directivity due to the aperture efficiency. Usually the term in (13-59a) is referred to 
as loss figure which can be computed (in decibels) using [2], [3] 


L(s) c (0.8 — 1.71s + 26.255” — 17.79s3) (13-59b) 
where s is the maximum phase deviation (in wavelengths), and it is given by 


d? 


S=] (13-59c) 


The directivity of a conical horn is optimum when its diameter is equal to 
dm ~ V31r (13-60) 


which corresponds to a maximum aperture phase deviation of s = 3/8 (wavelengths) 
and a loss figure of about 2.9 dB (or an aperture efficiency of about 51%). 

A summary of all the pertinent formulas and equation numbers that can be used to 
compute the directivity of E-plane, H-plane, pyramidal, and conical horns is listed in 
Table 13.1. 


13.6 CORRUGATED HORN 


The large emphasis placed on horn antenna research in the 1960s was inspired by the 
need to reduce spillover efficiency and cross-polarization losses and increase aperture 
efficiencies of large reflectors used in radio astronomy and satellite communications. 
In the 1970s, high-efficiency and rotationally symmetric antennas were needed in 
microwave radiometry. Using conventional feeds, aperture efficiencies of 50-60% 
were obtained. However, efficiencies of the order of 75—80% can be obtained with 
improved feed systems utilizing corrugated horns. 

The aperture techniques introduced in Chapter 12 can be used to compute the pattern 
of a horn antenna and would yield accurate results only around the main lobe and the 
first few minor lobes. The antenna pattern structure in the back lobe region is strongly 
influenced by diffractions from the edges, especially from those that are perpendicular 


786 HORN ANTENNAS 


TABLE 13.1 Directivity Formulas and Equation Numbers For Horns 


E-plane 
D C +8 (13-19) 


E-plane 
(alternate) _ (13-20c), (13-20a) 


(13-20b) 
Gg from Figure 13.9 Figure 13.9 


Amb 
x : L (ICQ) — COP + [S@) = SP} (13-41) 
1 


(13-41a), (13-41b) 


H-plane 
(alternate) (13-42c), (13-42a) 
AV pn/A 


Gu = ifA «2 (13-42b) 
Gy from Figure 13.17 ifA>2 Figure 13.17 


Pyramidal 
(13-52a), 
a (13-19), (13-41) 


Pyramidal 
(alternate) a (13-53) 


Figure 13.23 


Pyramidal 


(alternate) (13-54e), (13-52a) 


E. ees (13-20c), (13-42c) 
TV pe/AV pn^ 


Conical 
4n 2 cy (13-59) 
D.(dB) = 101l0g;9 Sap 5 (wa ) | = 10 log, Fa ea L(s) z 
L(s) = —101og;o (545) ^: (0.8 — 1.71s + 26.255? — 17.795?) | (13.592), (13-59b) 
s= dm c N/30X (13-59c), (13-60) 


CORRUGATED HORN 787 


to the E-field at the horn aperture. The diffractions lead to undesirable radiation not 
only in the back lobes but also in the main lobe and in the minor lobes. However, they 
dominate only in low-intensity regions. 

In 1964, Kay [23] realized that grooves on the walls of a horn antenna would present 
the same boundary conditions to all polarizations and would taper the field distribution 
at the aperture in all the planes. The creation of the same boundary conditions on 
all four walls would eliminate the spurious diffractions at the edges of the aperture. 
For a square aperture, this would lead to an almost rotationally symmetric pattern 
with equal E- and H-plane beamwidths. A corrugated (grooved) pyramidal horn, with 
corrugations in the E-plane walls, is shown in Figure 13.28(a) with a side view in 
Figure 13.28(b). Since diffractions at the edges of the aperture in the H-plane are 
minimal, corrugations are usually not placed on the walls of that plane. Corrugations 
can also be placed in a conical horn forming a conical corrugated horn, also referred to 
in [23] as a scalar horn. However, instead of the corrugations being formed as shown 
in Figure 13.29(a), practically it is much easier to machine them to have the profile 
shown in Figure 13.29(b). 

A photograph of a corrugated conical horn, often referred to as a scalar horn, 
is shown in Figure 13.30. This type of a horn is widely used as a feed of reflector 
antennas, especially of the Cassegrain (dual reflector) configuration of Figures 15.9 
and 15.29. 


(a) Corrugated horn 


<> 


(b) E-plane view 


Figure 13.28 Pyramidal horn with corrugations in the E-plane. 
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(b) Corrugations perpendicular to axis 


Figure 13.29 Side view profiles of conical corrugated horns. 


Figure 13.30 Corrugated conical (scalar) horn. (COURTESY: March Microwave Systems, 
B.V., The Netherlands) 
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To form an effective corrugated surface, it usually requires 10 or more slots (corru- 
gations) per wavelength [24]. To simplify the analysis of an infinite corrugated surface, 
the following assumptions are usually required: 


1. The teeth of the corrugations are vanishingly thin. 
2. Reflections from the base of the slot are only those of a TEM mode. 


The second assumption is satisfied provided the width of the corrugation (w) is small 
compared to the free-space wavelength (ào) and the slot depth (d) (usually w < 49/10). 
For a corrugated surface satisfying the above assumptions, its approximate surface 
reactance is given by [25], [26] 


cun n RO 
X = w4t €o tan(ko d) (13-61) 
when 

MI 13-61 
aar (13-61a) 


which can be satisfied provided t < w/10. 

The surface reactance of a corrugated surface, used on the walls of a horn, must 
be capacitive in order for the surface to force to zero the tangential magnetic field 
parallel to the edge at the wall. Such a surface will not support surface waves, will 
prevent illumination of the E-plane edges, and will diminish diffractions. This can 
be accomplished, according to (13-61), if A9/4 < d < 49/2 or more generally when 
(2n + 1)49/4 < d < (n+ 1)49/2. Even though the cutoff depth is also a function of 
the slot width w, its influence is negligible if w < 49/10 and 49/4 < d < 49/2. 

The effect of the corrugations on the walls of a horn is to modify the electric field 
distribution in the E-plane from uniform (at the waveguide-horn junction) to cosine 
(at the aperture). Through measurements, it has been shown that the transition from 
uniform to cosine distribution takes place almost at the onset of the corrugations. For 
a horn of about 45 corrugations, the cosine distribution has been established by the 
fifth corrugation (from the onset) and the spherical phase front by the fifteenth [27]. 

Referring to Figure 13.28(a), the field distribution at the aperture can be written as 


T T ; D fi 
EQ y) = Eo cos (Z=) cos (z») e IG footy" /01)/2) (13-622) 
a 1 


E L F DU 
H! (x, y) = er cos (==) cos (z») e IK ort" [o0 [2l (13-62b) 
1 1 


corresponding to (13-43a) and (13-43b) of the uncorrugated pyramidal horn. Using 
the above distributions, the fields radiated by the horn can be computed in a manner 
analogous to that of the pyramidal horn of Section 13.4. Patterns have been computed 
and compare very well with measurements [27]. 

In Figure 13.31(a) the measured E-plane patterns of an uncorrugated square pyra- 
midal horn (referred to as the control horn) and a corrugated square pyramidal horn 


790 HORN ANTENNAS 


are shown. The aperture size on each side was 3.5 in. (2.96A at 10 GHz) and the total 
flare angle in each plane was 50°. It is evident that the levels of the minor lobes and 
back lobes are much lower for the corrugated horn than those of the control horn. 
However the corrugated horn also exhibits a wider main beam for small angles; thus 
a larger 3-dB beamwidth (HPBW) but a lower 10-dB beamwidth. This is attributed 
to the absence of the diffracted fields from the edges of the corrugated horn which, 
for nearly on-axis observations, add to the direct wave contribution because of their 
in-phase relationship. The fact that the on-axis far-fields of the direct and diffracted 
fields are nearly in phase is also evident from the pronounced on-axis maximum of the 
control horn. The E- and H-plane patterns of the corrugated horn are almost identical 
to those of Figure 13.31(a) over the frequency range from 8 to 14 GHz. These suggest 
that the main beam in the E-plane can be obtained from known H-plane patterns of 
horn antennas. 

In Figure 13.31(b) the measured E-plane patterns of larger control and corrugated 
square pyramidal horns, having an aperture of 9.7 in. on each side (8.24 at 10 GHz) 
and included angles of 34^ and 31^ in the E- and H-planes, respectively, are shown. 
For this geometry, the pattern of the corrugated horn is narrower and its minor and 
back lobes are much lower than those of the corresponding control horn. The saddle 
formed on the main lobe of the control horn is attributed to the out-of-phase relations 
between the direct and diffracted rays. The diffracted rays are nearly absent from the 
corrugated horn and the minimum on-axis field is eliminated. The control horn is a 
thick-edged horn which has the same interior dimensions as the corrugated horn. The 
H-plane pattern of the corrugated horn is almost identical to the H-plane pattern of 
the corresponding control horn. 

In Figures 13.31(c) and 13.31(d) the back lobe level and the 3-dB beamwidth for 
the smaller size control and corrugated horns, whose E-plane patterns are shown in 
Figure 13.31(a), are plotted as a function of frequency. All the observations made 
previously for that horn are well evident in these figures. 

The presence of the corrugations, especially near the waveguide-horn junction, can 
affect the impedance and VSWR of the antenna. The usual practice is to begin the 
corrugations at a small distance away from the junction. This leads to low VSWR's 
over a broad band. Previously it was indicated that the width w of the corrugations 
must be small (usually w < 40/10) to approximate a corrugated surface. This would 
cause corona and other breakdown phenomena. However the large corrugated horn, 
whose E-plane pattern is shown in Figure 13.31(b), has been used in a system whose 
peak power was 20 kW at 10 GHz with no evidence of any breakdown phenomena. 

The design concepts of the pyramidal corrugated horn can be extended to include cir- 
cumferentially corrugated conical horns, as shown in Figures 13.29 and 13.30. Several 
designs of conical corrugated horns were investigated in terms of pattern symmetry, 
low cross polarization, low side lobe levels, circular polarization, axial ratio, and phase 
center [28]— [37]. For small flare angles (We less than about 20° to 25^) the slots can be 
machined perpendicular to the axis of the horn, as shown in Figure 13.29(b), and the 
grooves can be considered sections of parallel-plate TEM-mode waveguides of depth 
d. For large flare angles, however, the slots should be constructed perpendicular to the 
surface of the horn, as shown in Figure 13.29(a) and implemented in the design of 
Figure 13.30. The groove arrangement of Figure 13.29(b) is usually preferred because 
it is easier to fabricate. 
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Figure 13.31 Radiation characteristics of conventional (control), corrugated, and aperture- 
matched pyramidal horns. (source: (a), (c), (d). W. D. Burnside and C. W. Chuang, “An Aper- 
ture-Matched Horn Design,” JEEE Trans. Antennas Propagat., Vol. AP-30, No. 4, pp. 790—796, 
July 1982. O 1982 IEEE (b) R. E. Laurie and L. Peters, Jr., "Modifications of Horn Antennas 
for Low Side Lobe Levels," IEEE Trans. Antennas Propagat., Vol. AP-14, No. 5, pp. 605—610, 


September 1966. © 1966 IEEE) 
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13.7 APERTURE-MATCHED HORNS 


A horn which provides significantly better performance than an ordinary horn (in terms 
of pattern, impedance, and frequency characteristics) is that shown in Figure 13.32(a), 
which is referred to as an aperture-matched horn [38]. The main modification to the 
ordinary (conventional) horn, which we refer to here as the control horn, consists of 
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Figure 13.32 Geometry and diffraction mechanism of an aperture-matched horn. (source: W. 
D. Burnside and C. W. Chuang, “An Aperture-Matched Horn Design,” JEEE Trans. Antennas 
Propagat., Vol. AP-30, No. 4, pp. 790—796, July 1982. © 1982 IEEE) 
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the attachment of curved-surface sections to the outside of the aperture edges, which 
reduces the diffractions that occur at the sharp edges of the aperture and provides 
smooth matching sections between the horn modes and the free-space radiation. 

In contrast to the corrugated horn, which is complex and costly and reduces the 
diffractions at the edges of the aperture by minimizing the incident field, the aperture- 
matched horn reduces the diffractions by modifying the structure (without sacrificing 
size, weight, bandwidth, and cost) so that the diffraction coefficient is minimized. The 
basic concepts were originally investigated using elliptic cylinder sections, as shown 
in Figure 13.32(b); however, other convex curved surfaces, which smoothly blend to 
the ordinary horn geometry at the attachment point, will lead to similar improvements. 
This modification in geometry can be used in a wide variety of horns, and includes 
E-plane, H-plane, pyramidal, and conical horns. Bandwidths of 2:1 can be attained 
easily with aperture-matched horns having elliptical, circular, or other curved surfaces. 
The radii of curvature of the curved surfaces used in experimental models [38] ranged 
over 1.691 < a < 8.47A with a = b and b = 2a. Good results can be obtained by using 
circular cylindrical surfaces with 2.54 <a < 54. 

The basic radiation mechanism of such a horn is shown in Figure 13.32(c). The 
introduction of the curved sections at the edges does not eliminate diffractions; instead 
it substitutes edge diffractions by curved-surface diffractions which have a tendency to 
provide an essentially undisturbed energy flow across the junction, around the curved 
surface, and into free-space. Compared with conventional horns, this radiation mech- 
anism leads to smoother patterns with greatly reduced black lobes and negligible 
reflections back into the horn. The size, weight, and construction costs of the aperture- 
matched horn are usually somewhat larger and can be held to a minimum if half 
(one-half sections of an ellipse) or quadrant (one-fourth sections of an ellipse) sections 
are used instead of the complete closed surfaces. 

To illustrate the improvements provided by the aperture-matched horns, the E-plane 
pattern, back lobe level, and half-power beamwidth of a pyramidal 2.964. x 2.964 horn 
were computed and compared with the measured data of corresponding control and 
corrugated horns. The data are shown in Figures 13.31(a,c,d). It is evident by examining 
the patterns of Figure 13.31(a) that the aperture-matched horn provides a smoother 
pattern and lower back lobe level than conventional horns (referred to here as control 
horn); however, it does not provide, for the wide minor lobes, the same reduction as 
the corrugated horn. To achieve nearly the same E-plane pattern for all three horns, 
the overall horn size must be increased. If the modifications for the aperture-matched 
and corrugated horns were only made in the E-plane edges, the H-plane patterns for 
all three horns would be virtually the same except that the back lobe level of the 
aperture-matched and corrugated horns would be greatly reduced. 

The back lobe level of the same three horns (control, corrugated, and aperture 
matched) are shown in Figure 13.31(c). The corrugated horn has lower back lobe 
intensity at the lower end of the frequency band, while the aperture-matched horn 
exhibits superior performance at the high end. However, both the corrugated and 
aperture-matched horns exhibit superior back lobe level characteristics to the con- 
trol (conventional) horn throughout almost the entire frequency band. The half-power 
beamwidth characteristics of the same three horns are displayed in Figure 13.31(d). 
Because the control (conventional) horn has uniform distribution across the com- 
plete aperture plane, compared with the tapered distributions for the corrugated and 
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Figure 13.33 Measured VSWR for exponentially tapered pyramidal horns (conventional and 
aperture matched). (source: W. D. Burnside and C. W. Chuang, “An Aperture-Matched Horn 
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1982 IEEE) 


aperture-matched horns, it possesses the smallest beamwidth almost over the entire 
frequency band. 

In a conventional horn the VSWR and antenna impedance are primarily influenced 
by the throat and aperture reflections. Using the aperture-matched horn geometry of 
Figure 13.32(a), the aperture reflections toward the inside of the horn are greatly 
reduced. Therefore the only remaining dominant factors are the throat reflections. To 
reduce the throat reflections it has been suggested that a smooth curved surface be 
used to connect the waveguide and horn walls, as shown in Figure 13.32(d). Such 
a transition has been applied in the design and construction of a commercial X-band 
(8.2—12.4 GHz) pyramidal horn (see Figure 13.24), whose tapering is of an exponential 
nature. The VSWRs measured in the 8—12 GHz frequency band using the conventional 
exponential X-band horn (shown in Figure 13.24), with and without curved sections 
at its aperture, are shown in Figure 13.33. 

The matched sections used to create the aperture-matched horn were small cylin- 
der sections. The VSWR’s for the conventional horn are very small (less than 1.1) 
throughout the frequency band because the throat reflections are negligible compared 
with the aperture reflections. It is evident, however, that the VSWR’s of the corre- 
sponding aperture-matched horn are much superior to those of the conventional horn 
because both the throat and aperture reflections are very minimal. 

The basic design of the aperture-matched horn can be extended to include corruga- 
tions on its inside surface [30]. This type of design enjoys the advantages presented 
by both the aperture-matched and corrugated horns with cross-polarized components 
of less than —45 dB over a significant part of the bandwidth. Because of its excellent 
cross-polarization characteristics, this horn is recommended for use as a reference and 
for frequency reuse applications in both satellite and terrestrial applications. 


13.8 MULTIMODE HORNS 


Over the years there has been a need in many applications for horn antennas which 
provide symmetric patterns in all planes, phase center coincidence for the electric 
and magnetic planes, and side lobe suppression. All of these are attractive features 
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for designs of optimum reflector systems and monopulse radar systems. Side lobe 
reduction is a desired attribute for horn radiators utilized in antenna range, anechoic 
chamber, and standard gain applications, while pattern plane symmetry is a valuable 
feature for polarization diversity. 

Pyramidal horns have traditionally been used over the years, with good success, in 
many of these applications. Such radiators, however, possess nonsymmetric beamwidths 
and undesirable side lobe levels, especially in the E-plane. Conical horns, operating 
in the dominant TE;; mode, have a tapered aperture distribution in the E-plane. Thus, 
they exhibit more symmetric electric- and magnetic-plane beamwidths and reduced 
side lobes than do the pyramidal horns. One of the main drawbacks of a conical horn 
is its relative incompatibility with rectangular waveguides. 

To remove some of the deficiencies of pyramidal and conical horns and further 
improve some of their attractive characteristics, corrugations were introduced on the 
interior walls of the waveguides, which lead to the corrugated horns that were discussed 
in a previous section of this chapter. In some other cases designs were suggested 
to improve the beamwidth equalization in all planes and reduce side lobe levels by 
utilizing horn structures with multiple-mode excitations. These have been designated 
as multimode horns, and some of the designs will be discussed briefly here. For more 
information the reader should refer to the cited references. 

One design of a multimode horn is the “diagonal” horn [39], shown in Figure 13.34, 
all of whose cross sections are square and whose internal fields consist of a superpo- 
sition of TE;; and TEo; modes in a square waveguide. For small flare angles, the field 
structure within the horn is such that the E-field vector is parallel to one of the diago- 
nals. Although it is not a multimode horn in the true sense of the word, because it does 
not make use of higher-order TE and TM modes, it does possess the desirable attributes 
of the usual multimode horns, such as equal beamwidths and suppressed beamwidths 


— < 


(a) (b) 


Figure 13.34 electric field configuration inside square diagonal horn. (a) Two coexisting equal 
orthogonal modes. (b) Result of combining the two modes shown in (a). (After Love [39] 
reprinted with permission of Microwave Journal, Vol. V, No. 3, March 1962) 
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and side lobes in the E- and H-planes which are nearly equal to those in the principal 
planes. These attractive features are accomplished, however, at the expense of pairs of 
cross-polarized lobes in the intercardinal planes which make such a horn unattractive 
for applications where a high degree of polarization purity is required. 

Diagonal horns have been designed, built, and tested [39] such that the 3-, 10-, and 
30-dB beamwidths are nearly equal not only in the principal E- and H-planes, but 
also in the 45° and 135° planes. Although the theoretical limit of the side lobe level 
in the principal planes is 31.5 dB down, side lobes of at least 30 dB down have been 
observed in those planes. Despite a theoretically predicted level of —19.2 dB in the 
+45° planes, side lobes with level of —23 to —27 dB have been observed. The principal 
deficiency in the side lobe structure appears in the +45°-plane cross-polarized lobes 
whose intensity is only 16 dB down; despite this, the overall horn efficiency remains 
high. Compared with diagonal horns, conventional pyramidal square horns have H- 
plane beamwidths which are about 35% wider than those in the E-plane, and side lobe 
levels in the E-plane which are only 12 to 13 dB down (although those in the H-plane 
are usually acceptable). 

For applications which require optimum performance with narrow beamwidths, 
lenses are usually recommended for use in conjunction with diagonal horns. Diagonal 
horns can also be converted to radiate circular polarization by inserting a differential 
phase shifter inside the feed guide whose cross section is circular and adjusted so that 
it produces phase quadrature between the two orthogonal modes. 

Another multimode horn which exhibits suppressed side lobes, equal beamwidths, 
and reduces cross polarization is the dual-mode conical horn [40]. Basically this horn 
is designed so that diffractions at the aperture edges of the horn, especially those in the 
E-plane, are minimized by reducing the fields incident on the aperture edges and con- 
sequently the associated diffractions. This is accomplished by utilizing a conical horn 
which at its throat region is excited in both the dominant TE;, and higher-order TM); 
mode. A discontinuity is introduced at a position within the horn where two modes 
exist. The horn length is adjusted so that the superposition of the relative amplitudes of 
the two modes at the edges of the aperture is very small compared with the maximum 
aperture field magnitude. In addition, the dimensions of the horn are controlled so that 
the total phase at the aperture is such that, in conjunction with the desired amplitude 
distribution, it leads to side lobe suppression, beamwidth equalization, and phase center 
coincidence. 

Qualitatively the pattern formation of a dual-mode conical horn operating in the TE; 
and TM; modes is accomplished by utilizing a pair of modes which have radiation 
functions with the same argument. However, one of the modes, in this case the TM); 
mode, contains an additional envelope factor which varies very rapidly in the main 
beam region and remains relatively constant at large angles. Thus, it is possible to 
control the two modes in such a way that their fields cancel in all directions except 
within the main beam. The TM;, mode exhibits a null in its far-field pattern. Therefore 
a dual-mode conical horn possesses less axial gain than a conventional dominant-mode 
conical horn of the same aperture size. Because of that, dual-mode horns render better 
characteristics and are more attractive for applications where pattern plane symmetry 
and side lobe reduction are more important than maximum aperture efficiency. A most 
important application of a dual-mode horn is as a feed of Cassegrain reflector systems. 

Dual-mode conical horns have been designed, built, and tested [40] with relatively 
good success in their performance. Generally, however, diagonal horns would be good 
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competitors for the dual-mode horns if it were not for the undesirable characteristics 
(especially the cross-polarized components) that they exhibit in the very important 
45° and 135° planes. Improved performance can be obtained from dual-mode horns if 
additional higher-order modes (such as the TE;?, TE;4 and TM) 2) are excited [41] and 
if their relative amplitudes and phases can be properly controlled. Computed maximum 
aperture efficiencies of paraboloidal reflectors, using such horns as feeds, have reached 
90% contrasted with efficiencies of about 76% for reflector systems using conventional 
dominant-mode horn feeds. In practice the actual maximum efficiency achieved is 
determined by the number of modes that can be excited and the degree to which their 
relative amplitudes and phases can be controlled. 

The techniques of the dual-mode and multimode conical horns can be extended to 
the design of horns with rectangular cross sections. In fact a multimode pyramidal horn 
has been designed, built, and tested to be used as a feed in a low-noise Cassegrain 
monopulse system [42]. This rectangular pyramidal horn utilizes additional higher- 
order modes to provide monopulse capability, side lobe suppression in both the E- 
and H-planes, and beamwidth equalization. Specifically the various pattern modes for 
the monopulse system are formed in a single horn as follows: 


a. Sum: Utilizes TEj9 + TE49 instead of only TE;9. When the relative amplitude 
and phase excitations of the higher-order TE3) mode are properly adjusted, they 
provide side lobe cancellation at the second minor lobe of the TE;9-mode pattern 

b. E-Plane Difference: Utilizes TE;; + TM; modes 

c. H-Plane Difference: Utilizes TE;; mode 


In its input, the horn of [42] contained a four-guide monopulse bridge circuitry, 
a multimode matching section, a difference mode phasing section, and a sum mode 
excitation and control section. To illustrate the general concept, in Figure 13.35(a—c) 
are plots of three-dimensional patterns of the sum, E-plane difference, and H-plane 
difference modes which utilize, respectively, the TE;o + TE39, TE;; + TM;;, and TE20 
modes. The relative excitation between the modes has been controlled so that each pat- 
tern utilizing multiple modes in its formation displays its most attractive features for 
its function. 


13.9 DIELECTRIC-LOADED HORNS 


Over the years much effort has been devoted to enhance the antenna and aperture 
efficiencies of aperture antennas, especially for those that serve as feeds for reflectors 
(such as the horn). One technique that was proposed and then investigated was to 
use dielectric guiding structures, referred to as Dielguides [43], between the primary 
feed and the reflector (or subreflector). The technique is simple and inexpensive to 
implement and provides broadband, highly efficient, and low-noise antenna feeds. The 
method negates the compromise between taper and spillover efficiencies, and it is based 
on the principle of internal reflections, which has been utilized frequently in optics. 
Its role bears a very close resemblance to that of a lens, and it is an extension of the 
classical parabolic-shaped lens to other geometrical shapes. 

Another method that has been used to control the radiation pattern of electromagnetic 
horns is to insert totally within them various shapes of dielectric material (wedges, 
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Figure 13.35  Three-dimensional sum and difference (E- and H-planes) field patterns of a 
monopulse pyramidal horn. (source: C. A. Balanis, “Horn Antennas,” in Antenna Handbook (Y. 


T. Lo and S. W. Lee, eds.), O 1988, Van Nostrand Reinhold Co., Inc.) 
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Figure 13.35 (continued) 


slabs, etc.) [44]— [52] to control in a predictable manner not only the phase distribution 
over the aperture, as is usually done by using the classical parabolic lenses, but also 
to change the power (amplitude) distribution over the aperture. The control of the 
amplitude and phase distributions over the aperture are essential in the design of very 
low side lobe antenna patterns. 

Symmetrical loading of the H-plane walls has also been utilized, by proper param- 
eter selection, to create a dominant longitudinal section electric (LSE) mode and 
to enhance the aperture efficiency and pattern-shaping capabilities of symmetrically 
loaded horns [44]. The method is simple and inexpensive, and it can also be utilized 
to realize high efficiency from small horns which can be used in limited scan arrays. 
Aperture efficiencies on the order of 92 to 9696 have been attained, in contrast to 
values of 8196 for unloaded horns. 

A similar technique has been suggested to symmetrically load the E-plane walls of 
rectangular horns [46]—[52] and eventually to line all four of its walls with dielectric 
slabs. Other similar techniques have been suggested, and a summary of these and other 
classical papers dealing with dielectric-loaded horns can be found in [1]. 


13.10 PHASE CENTER 


Each far-zone field component radiated by an antenna can be written, in general, as 


: —jkr 
E, = üE(0, pj 9 (13-63) 
r 
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where û is a unit vector. The terms E(0, $) and v' (0, $) represent, respectively, the 
(0, $) variations of the amplitude and phase. 

In navigation, tracking, homing, landing, and other aircraft and aerospace systems 
it is usually desirable to assign to the antenna a reference point such that for a given 
frequency, v (0, $) of (13-63) is independent of 0 and ¢ (1.e., v (0, 9) = constant). The 
reference point which makes v'(0, $) independent of 6 and $ is known as the phase 
center of the antenna [53]—[57]. When referenced to the phase center, the fields radi- 
ated by the antenna are spherical waves with ideal spherical wave fronts or equiphase 
surfaces. Therefore a phase center is a reference point from which radiation is said 
to emanate, and radiated fields measured on the surface of a sphere whose center 
coincides with the phase center have the same phase. 

For practical antennas such as arrays, reflectors, and others, a single unique phase 
center valid for all values of 0 and $ does not exist; for most, however, their phase cen- 
ter moves along a surface, and its position depends on the observation point. However, 
in many antenna systems a reference point can be found such that y (0, $) = constant, 
or nearly so, over most of the angular space, especially over the main lobe. When the 
phase center position variation is sufficiently small, that point is usually referred to as 
the apparent phase center. 

The need for the phase center can best be explained by examining the radiation 
characteristics of a paraboloidal reflector (parabola of revolution). Plane waves inci- 
dent on a paraboloidal reflector focus at a single point which is known as the focal 
point. Conversely, spherical waves emanating from the focal point are reflected by the 
paraboloidal surface and form plane waves. Thus in the receiving mode all the energy 
is collected at a single point. In the transmitting mode, ideal plane waves are formed 
if the radiated waves have spherical wavefronts and emanate from a single point. 

In practice, no antenna is a point source with ideal spherical equiphases. Many of 
them, however, contain a point from which their radiation, over most of the angular 
space, seems to have spherical wavefronts. When such an antenna is used as a feed for 
a reflector, its phase center must be placed at the focal point. Deviations of the feed 
from the focal point of the reflector lead to phase errors which result in significant 
gain reductions of the antenna, as illustrated in Section 15.4.1(G) of Chapter 15. 

The analytical formulations for locating the phase center of an antenna are usually 
very laborious and exist only for a limited number of configurations [53]- [55]. Exper- 
imental techniques [56], [57] are available to locate the phase center of an antenna. 
The one reported in [56] is also discussed in some detail in [2], and it will not be 
repeated here. The interested reader is referred to [2] and [56]. 

The horn is a microwave antenna that is widely used as a feed for reflectors [58]. 
To perform as an efficient feed for reflectors, it is imperative that its phase center 
is known and it is located at the focal point of the reflector. Instead of presenting 
analytical formulations for the phase center of a horn, graphical data will be included 
to illustrate typical phase centers. 

Usually the phase center of a horn is not located at its mouth (throat) or at its 
aperture but mostly between its imaginary apex point and its aperture. The exact 
location depends on the dimensions of the horn, especially on its flare angle. For large 
flare angles the phase center is closer to the apex. As the flare angle of the horn 
becomes smaller, the phase center moves toward the aperture of the horn. 

Computed phase centers for an E-plane and an H-plane sectoral horn are displayed 
in Figure 13.36(a, b). It is apparent that for small flare angles the E- and H-plane phase 
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Figure 13.36 Phase center location, as a function of flare angle, for E- and H-plane sectoral 
horns. (Adapted from Hu [53]). 


centers are identical. Although each specific design has its own phase center, the data 
of Figure 13.36(a, b) are typical. If the E- and H-plane phase centers of a pyramidal 
horn are not identical, its phase center can be taken to be the average of the two. 

Phase center nomographs for conical corrugated and uncorrugated (TE;;-mode) 
horns are available [55], and they can be found in [2] and [55]. The procedure to 
use these in order to locate a phase center is documented in [2] and [55], and it is 
not repeated here. The interested reader is referred to [2] where examples are also 
illustrated. 
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13.11 MULTIMEDIA 


In 


the CD that is part of the book, the following multimedia resources are included for 


the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 


b. Matlab and Fortran computer programs, designated 
e Analysis 
e Design 
for computing and displaying the analysis and design characteristics of a pyra- 
midal horn. 

c. Matlab-based animation-visualization program, designated fe horn, that can be 
used to animate and visualize the radiation of a two-dimensional horn. A detailed 
description of this program is provided in Section 1.3.4 and in the corresponding 
READ ME file of Chapter 1. 


d. Power Point (PPT) viewgraphs, in multicolor. 


REFERENCES 


N e 


11. 


12. 


13. 


. A. W. Love Electromagnetic Horn Antennas, IEEE Press, New York, 1976. 

. C. A. Balanis, “Horn Antennas,” Chapter 8 in Antenna Handbook: Theory, Applications and 
Design (Y. T. Lo and S. W. Lee, eds.), Van Nostrand Reinhold Co., New York, 1988. 

. A. W. Love, “Horn Antennas," Chapter 15 in Antenna Engineering Handbook (R. C. Johnson 
and H. Jasik, eds.), New York, 1984. 

. R. F. Harrington, Time-Harmonic Electromagnetic Fields, McGraw-Hill, New York, 1961, 
pp. 208-213. 

. S. Silver (ed.), Microwave Antenna Theory and Design, MIT Radiation Laboratory Series, 
Vol. 12, McGraw-Hill, New York, 1949, pp. 349—376. 

. C. A. Balanis Advanced Engineering Electromagnetics, John Wiley and Sons, New York, 
1989. 

. M. J. Maybell and P. S. Simon, “Pyramidal Horn Gain Calculation with Improved Accu- 
racy," IEEE Trans. Antennas Propagat., Vol. 41, No. 7, pp. 884—889, July 1993. 

. K. Liu, C. A. Balanis, C. R. Birtcher and G. C. Barber, "Analysis of Pyramidal Horn 
Antennas Using Moment Method," IEEE Trans. Antennas Propagat., Vol. 41, No. 10, 
pp. 1379—1389, October 1993. 

. M. Abramowitz and I. A. Stegun (eds.), Handbook of Mathematical Functions, National 
Bureau of Standards, United States Dept. of Commerce, June 1964. 

. J. Boersma, “Computation of Fresnel Integrals,’ Math. Comp., Vol. 14, p. 380, 1960. 

Y.-B. Cheng, "Analysis of Aircraft Antenna Radiation for Microwave Landing System 

Using Geometrical Theory of Diffraction,” MSEE Thesis, Dept. of Electrical Engineering, 

West Virginia University, 1976, pp. 208-211. 

E. V. Jull, “Gain of an E-Plane Sectoral Horn—4A Failure of the Kirchoff Theory and a 

New Proposal," IEEE Trans. Antennas Propagat., Vol. AP-22, No. 2, pp. 221-226, March 

1974. 

E. V. Jull, Aperture Antennas and Diffraction Theory, Peter Peregrinus Ltd., London, United 

Kingdom, 1981, pp. 55-65. 


14 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 
24. 


25. 


26. 


27. 


28. 


29, 


30. 


31. 


32. 


33. 


34. 


REFERENCES 803 


. E. H. Braun, “Some Data for the Design of Electromagnetic Horns," JRE Trans. Antennas 
Propagat., Vol. AP-4, No. 1, pp. 29—31, January 1956. 

P. M. Russo, R. C. Rudduck, and L. Peters, Jr., “A Method for Computing E-Plane Patterns 
of Horn Antennas," IEEE Trans. Antennas Propagat., Vol. AP-13, No. 2, pp. 219—224, 
March 1965. 

J. S. Yu, R. C. Rudduck, and L. Peters, Jr., “Comprehensive Analysis for E-Plane of Horn 
Antennas by Edge Diffraction Theory," IEEE Trans. Antennas Propagat., Vol. AP-14, No. 
2, pp. 138-149, March 1966. 

M. A. K. Hamid, “Diffraction by a Conical Horn," IEEE Trans. Antennas Propagat., Vol. 
AP-16, No. 5, pp. 520-528, September 1966. 

M. S. Narasimhan and M. S. Shehadri, “GTD Analysis of the Radiation Patterns of Conical 
Horns," IEEE Trans. Antennas Propagat., Vol. AP-26, No. 6, pp. 774—778, November 1978. 
P. A. Tirkas and C. A. Balanis, “Contour Path FDTD Method for Analysis of Pyramidal 
Horns with Composite Inner E-Plane Walls," IEEE Trans. Antennas Propagat., Vol. AP-42, 
No. 11, pp. 1476-1483, November 1994. 

M. J. Maybell and P. S. Simon, “Pyramidal Horn Gain Calculation with Improved Accu- 
racy," IEEE Trans. Antennas Propagat., Vol. 41, No. 7, pp. 884—889, July 1993. 

M. G. Schorr and F. J. Beck, Jr., “Electromagnetic Field of a Conical Horn,” J. Appl. Phys., 
Vol. 21, pp. 795-801, August 1950. 

A. P. King, “The Radiation Characteristics of Conical Horn Antennas," Proc. IRE, Vol. 38, 
pp. 249-251, March 1950. 


A. F. Kay, "The Scalar Feed," AFCRL Rep. 64—347, AD601609, March 1964. 

R. E. Lawrie and L. Peters, Jr., “Modifications of Horn Antennas for Low Side Lobe Lev- 
els," IEEE Trans. Antennas Propagat., Vol. AP-14, No. 5, pp. 605—610, September 1966. 
R. S. Elliott, *On the Theory of Corrugated Plane Surfaces," IRE Trans. Antennas Propagat., 
Vol. AP-2, No. 2, pp. 71-81, April 1954. 

C. A. Mentzer and L. Peters, Jr., "Properties of Cutoff Corrugated Surfaces for Corrugated 
Horn Design," IEEE Trans. Antennas Propagat., Vol. AP-22, No. 2, pp. 191—196, March 
1974. 

C. A. Mentzer and L. Peters, Jr., “Pattern Analysis of Corrugated Horn Antennas," IEEE 
Trans. Antennas Propagat., Vol. AP-24, No. 3, pp. 304—309, May 1976. 

M. J. Al-Hakkak and Y. T. Lo, "Circular Waveguides and Horns with Anisotropic and 
Corrugated Boundaries," Antenna Laboratory Report No. 73-3, Department of Electrical 
Engineering, University of Illinois, Urbana, January 1973. 

B. MacA. Thomas, G. L. James and K. J. Greene, “Design of Wide-Band Corrugated Con- 
ical Horns for Cassegrain Antennas," JEEE Trans. Antennas Propagat., Vol. AP-34, No. 6, 
pp. 750—757, June 1986. 

B. MacA. Thomas, “Design of Corrugated Conical Horns,” IEEE Trans. Antennas Propagat., 
Vol. AP-26, No. 2, pp. 367—372, March 1978. 

B. MacA. Thomas and K. J. Greene, “A Curved-Aperture Corrugated Horn Having Very 
Low Cross-Polar Performance," IEEE Trans. Antennas Propagat., Vol. AP-30, No. 6, 
pp. 1068-1072, November 1982. 

G. L. James, "TE;,-to-HE;; Mode Converters for Small-Angle Corrugated Horns," IEEE 
Trans. Antennas Propagat., Vol. AP-30, No. 6, pp. 1057-1062, November 1982. 

K. Tomiyasu, “Conversion of TE}; mode by a Large-Diameter Conical Junction," IEEE 
Trans. Microwave Theory Tech., Vol. MTT-17, No. 5, pp. 277—279, May 1969. 

B. MacA. Thomas, *Mode Conversion Using Circumferentially Corrugated Cylindrical 
Waveguide," Electron. Lett., Vol. 8, pp. 394—396, 1972. 


804 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


HORN ANTENNAS 


J. K. M. Jansen and M. E. J. Jeuken, “Surface Waves in Corrugated Conical Horn,” Elec- 
tronic Letters, Vol. 8, pp. 342—344, 1972. 


Y. Tacheichi, T. Hashimoto, and F. Takeda, “The Ring-Loaded Corrugated Waveguide,” 
IEEE Trans. Microwave Theory Tech., Vol. MTT-19, No. 12, pp. 947—950, December 
1971. 

F. Takeda and T. Hashimoto, “Broadbanding of Corrugated Conical Horns by Means of the 
Ring-Loaded Corrugated Waveguide Structure," IEEE Trans. Antennas Propagat., Vol. AP- 
24, No. 6, pp. 786—792, November 1976. 

W. D. Burnside and C. W. Chuang, “An Aperture-Matched Horn Design," JEEE Trans. 
Antennas Propagat., Vol. AP-30, No. 4, pp. 790—796, July 1982. 

A. W. Love, “The Diagonal Horn Antenna," Microwave Journal, Vol. V, pp. 117—122, 
March 1962. 

P. D. Potter, “A New Horn Antenna with Suppressed Side Lobes and Equal Beamwidths,” 
Microwave Journal, pp. 71—78, June 1963. 

P. D. Potter and A. C. Ludwig, “Beamshaping by Use of Higher-Order Modes in Conical 
Horns," Northeast Electron. Res. Eng. Mtg., pp. 92—93, November 1963. 

P. A. Jensen, *A Low-Noise Multimode Cassegrain Monopulse with Polarization Diversity," 
Northeast Electron. Res. Eng. Mtg., pp. 94—95, November 1963. 

H. E. Bartlett and R. E. Moseley, “Dielguides— Highly Efficient Low-Noise Antenna Feeds," 
Microwave Journal, Vol. 9, pp. 53-58, December 1966. 

L. L. Oh, S. Y. Peng, and C. D. Lunden, “Effects of Dielectrics on the Radiation Pat- 
terns of an Electromagnetic Horn," JEEE Trans. Antennas Propagat., Vol. AP-18, No. 4, 
pp. 553—556, July 1970. 

G. N. Tsandoulas and W. D. Fitzgerald, "Aperture Efficiency Enhancement in Dielectrically 
Loaded Horns," IEEE Trans. Antennas Propagat., Vol. AP-20, No. 1, pp. 69-74, January 
1972. 

R. Baldwin and P. A. McInnes, “Radiation Patterns of Dielectric Loaded Rectangular Horns," 
IEEE Trans. Antennas Propagat., Vol. AP-21, No. 3, pp. 375-376, May 1973. 

C. M. Knop, Y. B. Cheng, and E. L. Osterlag, “On the Fields in a Conical Horn Hav- 
ing an Arbitrary Wall Impedance," IEEE Trans. Antennas Propagat., Vol. AP-34, No. 9, 
pp. 1092-1098, September 1986. 

J. J. H. Wang, V. K. Tripp, and R. P. Zimmer, “Magnetically Coated Horn for Low Side- 
lobes and Low Cross-Polarization," JEE Proc., Vol. 136, pp. 132-138, April 1989. 

J. J. H. Wang, V. K. Tripp, and J. E. Tehan, “The Magnetically Coated Conducting Sur- 
face as a Dual Conductor and Its Application to Antennas and Microwaves," IEEE Trans. 
Antennas Propagat., Vol. AP-38, No. 7, pp. 1069—1077, July 1990. 

K. Liu and C. A. Balanis, “Analysis of Horn Antennas with Impedance Walls," 1990 IEEE 
Antennas and Propagation Symposium Digest, Vol. I, pp. 1184-1187, May 7-11, 1990, 
Dallas, TX. 

K. Liu and C. A. Balanis, “Low-Loss Material Coating for Horn Antenna Beam Shaping," 
1991 IEEE Antennas and Propagation Symposium Digest, Vol. 3, pp. 1664—1667, June 
24—28, 1991, London, Ontario, Canada. 

P. A. Tirkas, “Finite-Difference Time-Domain for Aperture Antenna Radiation," PhD Dis- 
sertation, Dept. of Electrical Engineering, Arizona State University, December 1993. 

Y. Y. Hu, *A Method of Determining Phase Centers and Its Applications to Electromagnetic 
Horns," Journal of the Franklin Institute, Vol. 271, pp. 31—39, January 1961. 

E. R. Nagelberg, “Fresnel Region Phase Centers of Circular Aperture Antennas," IEEE 
Trans. Antennas Propagat., Vol. AP-13, No. 3, pp. 479—480, May 1965. 


PROBLEMS 805 


55. I. Ohtera and H. Ujiie, *Nomographs for Phase Centers of Conical Corrugated and TE); 
Mode Horns," IEEE Trans. Antennas Propagat., Vol. AP-23, No. 6, pp. 858—859, November 
1975. 

56. J. D. Dyson, “Determination of the Phase Center and Phase Patterns of Antennas,” in Radio 
Antennas for Aircraft and Aerospace Vehicles, W. T. Blackband (ed.), AGARD Conference 
Proceedings, No. 15, Slough, England Technivision Services, 1967. 


57. M. Teichman, “Precision Phase Center Measurements of Horn Antennas," IEEE Trans. 
Antennas Propagat., Vol. AP-18, No. 5, pp. 689—690, September 1970. 

58. W. M. Truman and C. A. Balanis, “Optimum Design of Horn Feeds for Reflector Antennas,” 
IEEE Trans. Antennas Propagat., Vol. AP-22, No. 4, pp. 585—586, July 1974. 


PROBLEMS 


13.1. 
13.2. 


13.3. 


13.4. 
13.5. 


13.6. 


13.7. 


Derive (13-1a)-(13-1e) by treating the E-plane horn as a radial waveguide. 


Design an E-plane horn such that the maximum phase difference between 
two points at the aperture, one at the center and the other at the edge, is 120°. 
Assuming that the maximum length along its wall (pe), measured from the 
aperture to its apex, is 10A, find the 


(a) maximum total flare angle of the horn 
(b) largest dimension of the horn at the aperture 
(c) directivity of the horn (dimensionless and in dB) 


(d) gain of the antenna (in dB) when the reflection coefficient within the 
waveguide feeding the horn is 0.2. Assume only mismatch losses. The 
waveguide feeding the horn has dimensions of 0.54 and 0.254 


For an E-plane horn with o, = 6A, b; = 3.474, and a = 0.54, 


(a) compute (in dB) its pattern at 0 — 0^, 10^, and 20^ using the results of 
Figure 13.6. Show all the steps for one angle. 


(b) compute its directivity using (13-19) and (13-20c). Compare the answers. 
Repeat Problem 13.3 for o; = 64, b, = 64, and a = 0.54. 


For an E-plane sectoral horn, plot b, (in à) versus o, (in à) using (13-192). 
Verify, using the data of Figure 13.8, that the maximum directivities occur 
when (13-192) is satisfied. 


For an E-plane sectoral horn with p; = 20A, a = 0.54 

(a) find its optimum aperture dimensions for maximum normalized directivity 

(b) compute the total flare angle of the horn 

(c) compute its directivity, using (13-19), and compare it with the graphi- 
cal answer 

(d) find its half-power beamwidth (in degrees) 

(e) compute the directivity using (13-20c) 

An E-plane horn is fed by an X-band WR 90 rectangular waveguide with 


inner dimensions of 0.9 in. (2.286 cm) and b — 0.4 in. (1.016 cm). Design 
the horn so that its maximum directivity at f — 11 GHz is 30 (14.77 dB). 
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13.8. 


13.9. 
13.10. 


13.11. 


13.12. 


13.13. 


13.14. 
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Design an optimum directivity E-plane sectoral horn whose axial length is 

pı = 10^. The horn is operating at X-band with a desired center frequency 

equal to f = 10 GHz. The dimensions of the feed waveguide are a = 0.9 in. 

(2.286 cm) and b — 0.4 in. (1.016 cm). Assuming a 100% efficient horn 

(eo = 1), find the 

(a) horn aperture dimensions b, and po, (in A), and flare half-angle Ye (in 
degrees) 

(b) directivity Dg (in dB) using (13-20c) 

(c) aperture efficiency 

(d) largest phase difference (in degrees) between center of horn at the aperture 
and any point on the horn aperture along the principal E-plane. 


Derive (13-21a)- (13-216) by treating the H -plane horn as a radial waveguide. 


For an H-plane sectoral horn with p2 = 6A, a; = 6A, and b = 0.254 com- 
pute the 
(a) directivity (in dB) using (13-41), (13-42c) and compare the answers 


(b) normalized field strength (in dB) at 0 — 30^, 45^, and 90^. Approximate 
it using linear interpolation. 


For an H-plane sectoral horn, plot a, (in A) versus o» (in A) using (13-41c). 
Verify, using the data of Figure 13.16, that the maximum directivities occur 
when (13-41c) is satisfied. 


Design an H-plane horn so that its maximum directivity at f = 10 GHz is 
13.25 dB. The horn is fed with a standard X-band waveguide with dimensions 
a = 2.286 cm and b = 1.016 cm. Determine: 

(a) the horn aperture dimension a, (in cm). 

(b) the axial length o» of the horn (in cm). 

(c) the flare angle of the horn (in degrees). 


An H-plane sectoral horn is fed by an X-band WR 90 rectangular waveg- 
uide with dimensions of a = 0.9 in. (2.286 cm) and b = 0.4 in. (1.016 cm). 
Design the horn so that its maximum directivity at f = 11 GHz is 16.3 
(12.12 dB). 


Repeat the design of Problem 13.8 for an H-plane sectoral horn where axial 
length is also o? = 10A. The feed waveguide dimensions and center frequency 
of operation are the same as in Problem 13.8. Assuming an 100% efficient 
horn (eo — 1), find the 

(a) horn aperture dimensions a; and pp (in A), and the flare half-angle v, 

(in degrees) 
(b) directivity Dg (in dB) using (13-42c) 
(c) aperture efficiency 


(d) largest phase difference (in degrees) between the center of the horn at 
the aperture and any point on the horn aperture along the principal H- 
plane. 


13.15. 


13.16. 


13.17. 


13.18. 
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Show that (13-49a) and (13-49b) must be satisfied in order for a pyramidal 
horn to be physically realizable. 


A standard-gain X-band (8.2—12.4 GHz) pyramidal horn has dimensions of 

pı = 13.5 in. (34.29 cm), p2 — 14.2 in. (36.07 cm), a, = 7.65 in. (19.43 cm), 

b, = 5.65 in. (14.35 cm), a = 0.9 in. (2.286 cm), and b = 0.4 in. (1.016 cm). 

(a) Check to see if such a horn can be constructed physically. 

(b) Compute the directivity (in dB) at f = 8.2, 10.3, 12.4 GHz using for 
each (13-522), (13-53), and (13-54e). Compare the answers. Verify with 
the computer program Pyramidal Horn-Analysis of this chapter. 


A standard-gain X-band (8.2—12.4 GHz) pyramidal horn has dimensions of 
pı X 5.3 in. (13.46 cm), o > 6.2 in. (15.75 cm), a, = 3.09 in. (7.85 cm), 
b, = 2.34 in. (5.94 cm), a = 0.9 in. (2.286 cm), and b = 0.4 in. (1.016 cm). 
(a) Check to see if such a horn can be constructed physically. 

(b) Compute the directivity (in dB) at f = 8.2, 10.3, 12.4 GHz using for 
each (13-522), (13-53), and (13-54e). Compare the computed answers with 
the gains of Figure 13.24. Verify with the computer program Pyramidal 
Horn-Analysis of this chapter. 


A lossless linearly polarized pyramidal horn antenna is used as a receiver in 

a microwave communications system operating at /0 GHz. Over the aperture 

of the horn, the incident wave of the communications system is uniform and 

circularly polarized with a total power density of 10 mW/A?. The pyramidal 

horn has been designed for optimum gain. The dimensions of the horn at the 

aperture are 4A, by 2.5A,. Determine the: 

(a) Approximate aperture efficiency of the optimum gain horn (in 96). 

(b) Maximum directivity of the horn (in dB). 

(c) Maximum power (in mW) that can be delivered to the receiver that is 
assumed to be matched to the transmission line that connects the antenna 
to the receiver. Assume no other losses. 


Repeat the design of the optimum X-band pyramidal horn of Example 13.6 
so that the gain at f = 11 GHz is 17.05 dB. 


It is desired to design an optimum directivity pyramidal horn antenna. The 

length of the horn from its interior apex is o1 = p2 = 9A. The horn is fed by 

an X-band waveguide whose interior dimensions are 0.54 by 0.224. 

(a) To accomplish this, what should the aperture dimensions (in A) of the 
horn be? 


(b) What is the directivity (in dB) of the horn? 


Design a pyramidal horn antenna with optimum gain at a frequency of 10 GHz. 
The overall length of the antenna from the imaginary vertex of the horn to 
the center of the aperture is 10A and is nearly the same in both planes. Deter- 
mine the 

(a) Aperture dimensions of the horn (in cm). 

(b) Gain of the antenna (in dB) 


808 


13.22. 


13.23. 


13.24. 


13.25. 


13.26. 


13.27. 


13.28. 
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(c) Aperture efficiency of the antenna (in %). Assume the reflection, conduc- 
tion, and dielectric losses of the antenna are negligible. 

(d) Power delivered to a matched load when the incident power density is 
10 pwatts/m?. 


Design an optimum gain C-band (3.95—5.85 GHz) pyramidal horn so that 
its gain at f = 4.90 GHz is 20.0 dBi. The horn is fed by a WR 187 rect- 
angular waveguide with inner dimensions of a = 1.872 in. (4.755 cm) and 
b = 0.872 in. (2.215 cm). Refer to Figure 13.18 for the horn geometry. Deter- 
mine in cm, the remaining dimensions of the horn: pe, Pn, a4, b1, Pe, and pp. 
Verify using the computer program Pyramidal Horn Design of this chapter. 


For a conical horn, plot dm (in A) versus / (in à) using (13-60). Verify, using 
the data of Figure 13.27, that the maximum directivities occur when (13-60) 
Is satisfied. 


A conical horn has dimensions of L = 19.5 in. (49.53 cm), dm = 15 in. 

(38.10 cm), and d — 2.875 in. (7.3025 cm). 

(a) Find the frequency (in GHz) which will result in maximum directivity for 
this horn. What is that directivity (in dB)? 

(b) Find the directivity (in dB) at 2.5 and 5 GHz. 

(c) Compute the cutoff frequency (in GHz) of the TE;,;-mode which can exist 
inside the circular waveguide that is used to feed the horn. 


It is desired to design an optimum directivity conical horn antenna of circular 

cross section whose overall slanted length | is 10. Determine the 

(a) geometrical dimensions of the conical horn [radius (in A), diameter (in à), 
total flare angle (in degrees)]. 


(b) aperture efficiency of the horn (in 96). 
(c) directivity of the horn (dimensionless and in dB). 


Design an optimum directivity conical horn, using (13-59)—(13-60), so that 
its directivity (above isotropic) at f — 11 GHz is 22.6 dB. Check your design 
with the data in Figure 13.27. Compare the design dimensions with those of 
the pyramidal horn of Example 13.6. 


Design an optimum directivity conical horn so that its directivity at 10 GHz 
(above a standard-gain horn of 15 dB directivity) is 5 dB. Determine the horn 
diameter (in cm) and its flare angle (in degrees). 


As part of a 10-GHz microwave communication system, you purchase a horn 

antenna that is said to have a directivity of 75 (dimensionless). The conduction 

and dielectric losses of the antenna are negligible, and the horn is polarization 

matched to the incoming signal. A standing wave meter indicates a voltage 

reflection coefficient of 0.1 at the antenna-waveguide junction. 

(a) Calculate the maximum effective aperture of the horn. 

(b) If an impinging wave with a uniform power density of 1 \.watts/m? is 
incident upon the horn, what is the maximum power delivered to a load 
which is connected and matched to the lossless waveguide? 


13.29. 


13.30. 
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For an X-band pyramidal corrugated horn operating at 10.3 GHz, find the 
(a) smallest lower and upper limits of the corrugation depths (in cm) 

(b) width w of each corrugation (in cm) 

(c) width t of each corrugation tooth (in cm) 


Find the E- and H-plane phase centers (in A) of 
(a) an E-plane (p, = 5A, a = 0.7A) 

(b) an H-plane (pn = 54, a = 0.72) 

sectoral horn with a total included angle of 30°. 
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Microstrip Antennas 


14.4 INTRODUCTION 


In high-performance aircraft, spacecraft, satellite, and missile applications, where size, 
weight, cost, performance, ease of installation, and aerodynamic profile are constraints, 
low-profile antennas may be required. Presently there are many other government and 
commercial applications, such as mobile radio and wireless communications, that have 
similar specifications. To meet these requirements, microstrip antennas [1]-[38] can 
be used. These antennas are low profile, conformable to planar and nonplanar sur- 
faces, simple and inexpensive to manufacture using modern printed-circuit technology, 
mechanically robust when mounted on rigid surfaces, compatible with MMIC designs, 
and when the particular patch shape and mode are selected, they are very versa- 
tile in terms of resonant frequency, polarization, pattern, and impedance. In addition, 
by adding loads between the patch and the ground plane, such as pins and varactor 
diodes, adaptive elements with variable resonant frequency, impedance, polarization, 
and pattern can be designed [18], [39]—[44]. 

Major operational disadvantages of microstrip antennas are their low efficiency, 
low power, high Q (sometimes in excess of 100), poor polarization purity, poor scan 
performance, spurious feed radiation and very narrow frequency bandwidth, which is 
typically only a fraction of a percent or at most a few percent. In some applications, 
such as in government security systems, narrow bandwidths are desirable. However, 
there are methods, such as increasing the height of the substrate, that can be used to 
extend the efficiency (to as large as 90 percent if surface waves are not included) and 
bandwidth (up to about 35 percent) [38]. However, as the height increases, surface 
waves are introduced which usually are not desirable because they extract power from 
the total available for direct radiation (space waves). The surface waves travel within 
the substrate and they are scattered at bends and surface discontinuities, such as the 
truncation of the dielectric and ground plane [45] —- [49], and degrade the antenna pattern 
and polarization characteristics. Surface waves can be eliminated, while maintaining 
large bandwidths, by using cavities [50], [51]. Stacking, as well as other methods, of 
microstrip elements can also be used to increase the bandwidth [13], [52]-[62]. In 
addition, microstrip antennas also exhibit large electromagnetic signatures at certain 
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frequencies outside the operating band, are rather large physically at VHF and possibly 
UHF frequencies, and in large arrays there is a trade-off between bandwidth and scan 
volume [63]- [65]. 


14.1.4 Basic Characteristics 


Microstrip antennas received considerable attention starting in the 1970s, although 
the idea of a microstrip antenna can be traced to 1953 [1] and a patent in 1955 [2]. 
Microstrip antennas, as shown in Figure 14.1(a), consist of a very thin (t «& Ao, where 
Ào is the free-space wavelength) metallic strip (patch) placed a small fraction of a wave- 
length (h «& Ao, usually 0.003A9 < h < 0.0549) above a ground plane. The microstrip 
patch is designed so its pattern maximum is normal to the patch (broadside radiator). 
This is accomplished by properly choosing the mode (field configuration) of excitation 
beneath the patch. End-fire radiation can also be accomplished by judicious mode selec- 
tion. For a rectangular patch, the length L of the element is usually Ao/3 < L < 29/2. 
The strip (patch) and the ground plane are separated by a dielectric sheet (referred to 
as the substrate), as shown in Figure 14.1(a). 

There are numerous substrates that can be used for the design of microstrip antennas, 
and their dielectric constants are usually in the range of 2.2 < e, < 12. The ones that 
are most desirable for good antenna performance are thick substrates whose dielectric 
constant is in the lower end of the range because they provide better efficiency, larger 
bandwidth, loosely bound fields for radiation into space, but at the expense of larger 
element size [38]. Thin substrates with higher dielectric constants are desirable for 
microwave circuitry because they require tightly bound fields to minimize undesired 
radiation and coupling, and lead to smaller element sizes; however, because of their 
greater losses, they are less efficient and have relatively smaller bandwidths [38]. Since 


Radiating Radiating 
slot #1 slot #2 


Substrate 


Ground plane 


(a) Microstrip antenna 


Ground plane Er 
(b) Side view (c) Coordinate system for each radiating slot 


Figure 14.1 Microstrip antenna and coordinate system. 
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(a) Square (b) Rectangular (c) Dipole (d) Circular (e) Elliptical 
(f) Triangular (g) Disc sector (h) Circular ring (i) Ring sector 


Figure 14.2 Representative shapes of microstrip patch elements. 


microstrip antennas are often integrated with other microwave circuitry, a compromise 
has to be reached between good antenna performance and circuit design. 

Often microstrip antennas are also referred to as patch antennas. The radiating 
elements and the feed lines are usually photoetched on the dielectric substrate. The 
radiating patch may be square, rectangular, thin strip (dipole), circular, elliptical, tri- 
angular, or any other configuration. These and others are illustrated in Figure 14.2. 
Square, rectangular, dipole (strip), and circular are the most common because of ease 
of analysis and fabrication, and their attractive radiation characteristics, especially low 
cross-polarization radiation. Microstrip dipoles are attractive because they inherently 
possess a large bandwidth and occupy less space, which makes them attractive for 
arrays [14], [22], [30], [31]. Linear and circular polarizations can be achieved with 
either single elements or arrays of microstrip antennas. Arrays of microstrip elements, 
with single or multiple feeds, may also be used to introduce scanning capabilities and 
achieve greater directivities. These will be discussed in later sections. 


14.1.2 Feeding Methods 


There are many configurations that can be used to feed microstrip antennas. The four 
most popular are the microstrip line, coaxial probe, aperture coupling, and proximity 
coupling [15], [16], [30], [35], [38], [66] - [68]. These are displayed in Figure 14.3. One 
set of equivalent circuits for each one of these is shown in Figure 14.4. The microstrip 
feed line is also a conducting strip, usually of much smaller width compared to the 
patch. The microstrip-line feed is easy to fabricate, simple to match by controlling the 
inset position and rather simple to model. However as the substrate thickness increases, 
surface waves and spurious feed radiation increase, which for practical designs limit 
the bandwidth (typically 2-5%). 

Coaxial-line feeds, where the inner conductor of the coax is attached to the radiation 
patch while the outer conductor is connected to the ground plane, are also widely used. 
The coaxial probe feed is also easy to fabricate and match, and it has low spurious 
radiation. However, it also has narrow bandwidth and it is more difficult to model, 
especially for thick substrates (h > 0.0210). 

Both the microstrip feed line and the probe possess inherent asymmetries which gen- 
erate higher order modes which produce cross-polarized radiation. To overcome some of 
these problems, noncontacting aperture-coupling feeds, as shown in Figures 14.3(c,d), 
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Dielectric a 


Circular microstrip 


substrate patch 
E, 
Substrate 
Ground plane Z 
Coaxial connector Ground plane 
(a) Microstrip line feed (b) Probe feed 


P: Slot 


Z^ à 
77 Microstrip 
Oe. line 


(c) Aperture-coupled feed 


A : 
77 Microstrip 
line 


(d) Proximity-coupled feed 


Figure 14.3 Typical feeds for microstrip antennas. 


have been introduced. The aperture coupling of Figure 14.3(c) is the most difficult of 
all four to fabricate and it also has narrow bandwidth. However, it is somewhat easier 
to model and has moderate spurious radiation. The aperture coupling consists of two 
substrates separated by a ground plane. On the bottom side of the lower substrate there is 
a microstrip feed line whose energy is coupled to the patch through a slot on the ground 
plane separating the two substrates. This arrangement allows independent optimization 
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(a) Microstrip line (b) Probe 
(c) Aperture-coupled (d) Proximity-coupled 


Figure 14.4 Equivalent circuits for typical feeds of Figure 14.3. 


of the feed mechanism and the radiating element. Typically a high dielectric material 
is used for the bottom substrate, and thick low dielectric constant material for the top 
substrate. The ground plane between the substrates also isolates the feed from the radiat- 
ing element and minimizes interference of spurious radiation for pattern formation and 
polarization purity. For this design, the substrate electrical parameters, feed line width, 
and slot size and position can be used to optimize the design [38]. Typically matching 
is performed by controlling the width of the feed line and the length of the slot. The 
coupling through the slot can be modeled using the theory of Bethe [69], which is also 
used to account for coupling through a small aperture in a conducting plane. This the- 
ory has been successfully used to analyze waveguide couplers using coupling through 
holes [70]. In this theory the slot is represented by an equivalent normal electric dipole 
to account for the normal component (to the slot) of the electric field, and an equivalent 
horizontal magnetic dipole to account for the tangential component (to the slot) mag- 
netic field. If the slot is centered below the patch, where ideally for the dominant mode 
the electric field is zero while the magnetic field is maximum, the magnetic coupling 
will dominate. Doing this also leads to good polarization purity and no cross-polarized 
radiation in the principal planes [38]. Of the four feeds described here, the proximity 
coupling has the largest bandwidth (as high as 13 percent), is somewhat easy to model 
and has low spurious radiation. However its fabrication is somewhat more difficult. The 
length of the feeding stub and the width-to-line ratio of the patch can be used to control 
the match [61 ]. 


14.1.8 Methods of Analysis 


There are many methods of analysis for microstrip antennas. The most popular mod- 
els are the transmission-line [16], [35], cavity [12], [16], [18], [35], and full wave 
(which include primarily integral equations/Moment Method) [22], [26], [71]—[74]. 
The transmission-line model is the easiest of all, it gives good physical insight, but 
is less accurate and it is more difficult to model coupling [75]. Compared to the 
transmission-line model, the cavity model is more accurate but at the same time more 
complex. However, it also gives good physical insight and is rather difficult to model 
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coupling, although it has been used successfully [8], [76], [77]. In general when applied 
properly, the full-wave models are very accurate, very versatile, and can treat single 
elements, finite and infinite arrays, stacked elements, arbitrary shaped elements, and 
coupling. However they are the most complex models and usually give less physical 
insight. In this chapter we will cover the transmission-line and cavity models only. 
However results and design curves from full-wave models will also be included. Since 
they are the most popular and practical, in this chapter the only two patch configura- 
tions that will be considered are the rectangular and circular. Representative radiation 
characteristics of some other configurations will be included. 


14.2 RECTANGULAR PATCH 


The rectangular patch is by far the most widely used configuration. It is very easy to 
analyze using both the transmission-line and cavity models, which are most accurate 
for thin substrates [78]. We begin with the transmission-line model because it is easier 
to illustrate. 


14.2.1 Transmission-Line Model 


It was indicated earlier that the transmission-line model is the easiest of all but it 
yields the least accurate results and it lacks the versatility. However, it does shed some 
physical insight. As it will be demonstrated in Section 14.2.2 using the cavity model, a 
rectangular microstrip antenna can be represented as an array of two radiating narrow 
apertures (slots), each of width W and height h, separated by a distance L. Basically 
the transmission-line model represents the microstrip antenna by two slots, separated 
by a low-impedance Z, transmission line of length L. 


A. Fringing Effects 

Because the dimensions of the patch are finite along the length and width, the fields 
at the edges of the patch undergo fringing. This is illustrated along the length in 
Figures 14.1(a,b) for the two radiating slots of the microstrip antenna. The same applies 
along the width. The amount of fringing is a function of the dimensions of the patch and 
the height of the substrate. For the principal E-plane (xy-plane) fringing is a function 
of the ratio of the length of the patch L to the height h of the substrate (L/h) and the 
dielectric constant e, of the substrate. Since for microstrip antennas L/h > 1, fringing 
is reduced; however, it must be taken into account because it influences the resonant 
frequency of the antenna. The same applies for the width. 

For a microstrip line shown in Figure 14.5(a), typical electric field lines are shown 
in Figure 14.5(b). This is a nonhomogeneous line of two dielectrics; typically the 
substrate and air. As can be seen, most of the electric field lines reside in the substrate 
and parts of some lines exist in air. As W/h > 1 and e, > 1, the electric field lines 
concentrate mostly in the substrate. Fringing in this case makes the microstrip line look 
wider electrically compared to its physical dimensions. Since some of the waves travel 
in the substrate and some in air, an effective dielectric constant €,e¢¢ is introduced to 
account for fringing and the wave propagation in the line. 

To introduce the effective dielectric constant, let us assume that the center conductor 
of the microstrip line with its original dimensions and height above the ground plane 
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(a) Microstrip line (b) Electric field lines 


+ Ereff 


(c) Effective dielectric constant 


Figure 14.5 Microstrip line and its electric field lines, and effective dielectric constant 
geometry. 


is embedded into one dielectric, as shown in Figure 14.5(c). The effective dielectric 
constant is defined as the dielectric constant of the uniform dielectric material so that the 
line of Figure 14.5(c) has identical electrical characteristics, particularly propagation 
constant, as the actual line of Figure 14.5(a). For a line with air above the substrate, 
the effective dielectric constant has values in the range of 1 < éreff < €,. For most 
applications where the dielectric constant of the substrate is much greater than unity 
(e, >> 1), the value of ej, will be closer to the value of the actual dielectric constant 
€, of the substrate. The effective dielectric constant is also a function of frequency. 
As the frequency of operation increases, most of the electric field lines concentrate in 
the substrate. Therefore the microstrip line behaves more like a homogeneous line of 
one dielectric (only the substrate), and the effective dielectric constant approaches the 
value of the dielectric constant of the substrate. Typical variations, as a function of 
frequency, of the effective dielectric constant for a microstrip line with three different 
substrates are shown in Figure 14.6. 

For low frequencies the effective dielectric constant is essentially constant. At inter- 
mediate frequencies its values begin to monotonically increase and eventually approach 
the values of the dielectric constant of the substrate. The initial values (at low frequen- 
cies) of the effective dielectric constant are referred to as the static values, and they 
are given by [79] 


W/h »1 


epi ei nq 
1+12— 
g- t3 | "s a 


€reff = (14-1) 


B. Effective Length, Resonant Frequency, and Effective Width 

Because of the fringing effects, electrically the patch of the microstrip antenna looks 
greater than its physical dimensions. For the principal E-plane (xy-plane), this is 
demonstrated in Figure 14.7 where the dimensions of the patch along its length have 
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Figure 14.6 Effective dielectric constant versus frequency for typical substrates. 
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Figure 14.7 Physical and effective lengths of rectangular microstrip patch. 


been extended on each end by a distance AL, which is a function of the effective 
dielectric constant e;,; and the width-to-height ratio (W/h). A very popular and practical 
approximate relation for the normalized extension of the length is [80] 


BE = 0.412 
p =N: 


W 
(€rete + 0.3) (7 + 0.264) 
———ÀÀ (14-2) 
(€rett = 0.258) (5 + 08) 
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Since the length of the patch has been extended by AL on each side, the effective 
length of the patch is now (L = 4/2 for dominant TM; mode with no fringing) 


Ler = L+2AL (14-3) 


For the dominant TMo;o mode, the resonant frequency of the microstrip antenna is 
a function of its length. Usually it is given by 


1 Uo 
2L Ve hoo 2L Ae, 


where vg is the speed of light in free space. Since (14-4) does not account for fringing, 
it must be modified to include edge effects and should be computed using 


Cfi)010 = (14-4) 


1 1 


(foo = s = ———————— 
2Ler et / Moto  2(L + 2AL),/€et¢,/M0€o 


= : Spe (14-5) 
> TOT. lise 7 ton Je 
where (fx) 
rc)010 
= (14-52) 
4 (f-)o10 


The q factor is referred to as the fringe factor (length reduction factor). As the substrate 
height increases, fringing also increases and leads to larger separations between the 
radiating edges and lower resonant frequencies. 


C. Design 
Based on the simplified formulation that has been described, a design procedure is out- 
lined which leads to practical designs of rectangular microstrip antennas. The procedure 
assumes that the specified information includes the dielectric constant of the substrate 
(€,), the resonant frequency ( f), and the height of the substrate h. The procedure is 
as follows: 


Specify: 
€,, f, (in Hz), and h 


Determine: 
W,L 


Design procedure: 


1. For an efficient radiator, a practical width that leads to good radiation efficiencies 


is [15] 
We ana (14-6) 
~ 2h /Ho€oNV€& +1 2f \e+1 


where vo is the free-space velocity of light. 


820 MICROSTRIP ANTENNAS 


2. Determine the effective dielectric constant of the microstrip antenna using (14-1). 
3. Once W is found using (14-6), determine the extension of the length AL using 


(14-2). 
4. The actual length of the patch can now be determined by solving (14-5) for 
L, or 
1 
L=————. - 2AL (14-7) 
2 fr s/Erett/H0€0 


Example 14.1 


Design a rectangular microstrip antenna using a substrate (RT/duroid 5880) with dielectric 
constant of 2.2, h = 0.1588 cm (0.0625 inches) so as to resonate at 10 GHz. 
Solution: Using (14-6), the width W of the patch is 


30 


E LR — 1.186 cm (0.467 i 
200)V 2241 PIED) 


The effective dielectric constant of the patch is found using (14-1), or 


234.1 22-1 0.1588 ^? 
reff — 1 12——— = 18972 
= ee Gia ( i x] $ 


The extended incremental length of the patch AL is, using (14-2) 


1.186 
(1.972 + 0.3) ee d 0.264) 
AL = 0.1588(0.412) E 


(1.972 — 0.258) ee + 0.8 
å i 0.1588 ` 


= 0.081 cm (0.032 in) 


The actual length L of the patch is found using (14-3), or 


30 
L= = -2AL = — — 
2 2(10)4/1.972 


Finally the effective length is 


— 2(0.081) = 0.906 cm (0.357 in) 


À 
Ee=L+2AL= 5m 1.068 cm (0.421 in) 


An experimental rectangular patch based on this design was built and tested. It is probe 
fed from underneath by a coaxial line and is shown in Figure 14.8(a). Its principal E- and 
H -plane patterns are displayed in Figure 14.19(a,b). 


D. Conductance 
Each radiating slot is represented by a parallel equivalent admittance Y (with conduc- 
tance G and susceptance B). This is shown in Figure 14.9. The slots are labeled as 
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(a) rectangular (b) circular 


Figure 14.8 Experimental models of rectangular and circular patches based, respectively, on 
the designs of Examples 14.1 and 14.4. 


#1 and #2. The equivalent admittance of slot #1, based on an infinitely wide, uniform 
slot, is derived in Example 12.8 of Chapter 12, and it is given by [81] 
Yı = Gi + jB, (14-8) 


where for a slot of finite width W 


W 1 h 1 
= —— | 1 — — (koh)? — < — 14-8 
9 m 54 Koh) | Av 0 oy) 
W h 1 
B, = —— [1 — 0.636 In (koh E poe. 14-8b 
1 12015. n(koh)] ds SET ( ) 


Since slot #2 is identical to slot #1, its equivalent admittance is 
Y% =Y, G5-G; B=B, (14-9) 


The conductance of a single slot can also be obtained by using the field expression 
derived by the cavity model. In general, the conductance is defined as 


= 2Prad 


= Tae (14-10) 
0 


Gi 


(a) Rectangular patch (b) Transmission model equivalent 


Figure 14.9 Rectangular microstrip patch and its equivalent circuit transmission-line model. 
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Using the electric field of (14-41), the radiated power is written as 


. (koW i 
> ax | sin {| ——cosé 
| Vol 2 . 3 
Pag = ————— | sin’ 6 dé (14-11) 
27 no Jo cos 0 


Therefore the conductance of (14-10) can be expressed as 


"n 
Gi = —— 14-12 
"12072 e 
where 
a (eos) ] 
7, | sin | —— cos 0 
h= / sin? 0 d0 
0 cos 0 
sin(X) 
= —2 + cos(X) + XS;(X) + (14-12a) 
X = koW (14-12b) 
Asymptotic values of (14-12) and (14-12a) are 
(wy W<a 
90 V Ao X 
Gi = (14-13) 
1 (W 
— | — W»4 
120 (=) TN 


The values of (14-13) for W > Apo are identical to those given by (14-8a) for h «& Ao. 
A plot of G as a function of W/Ao is shown in Figure 14.10. 


E. Resonant Input Resistance 

The total admittance at slot #1 (input admittance) is obtained by transferring the admit- 
tance of slot 42 from the output terminals to input terminals using the admittance 
transformation equation of transmission lines [16], [70], [79]. Ideally the two slots 
should be separated by 4/2 where A is the wavelength in the dielectric (substrate). How- 
ever, because of fringing the length of the patch is electrically longer than the actual 
length. Therefore the actual separation of the two slots is slightly less than 4/2. If the 
reduction of the length is properly chosen using (14-2) (typically 0.484 < L < 0.492), 
the transformed admittance of slot #2 becomes 


Y,=G2+ jB,=G,—jB, (14-14) 


or , 
G2 = G; (14-14a) 


By SSB; (14-14b) 
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Figure 14.10 Slot conductance as a function of slot width. 


Therefore the total resonant input admittance is real and is given by 
Yin = Yi + Y 22Gi (14-15) 
Since the total input admittance is real, the resonant input impedance is also real, or 


1 1 
Zin = = = Rin = = 14-16 
Y, 26; ( ) 
The resonant input resistance, as given by (14-16), does not take into account mutual 
effects between the slots. This can be accomplished by modifying (14-16) to [8] 


Rin = S (14-17) 
2(G; + Gi2) 
where the plus (+) sign is used for modes with odd (antisymmetric) resonant voltage 
distribution beneath the patch and between the slots while the minus (—) sign is used for 
modes with even (symmetric) resonant voltage distribution. The mutual conductance 
is defined, in terms of the far-zone fields, as 


1 
Gio = apt If E, x H5 - ds (14-18) 


where E, is the electric field radiated by slot #1, Hz is the magnetic field radiated by 
slot #2, Vo is the voltage across the slot, and the integration is performed over a sphere 
of large radius. It can be shown that G5? can be calculated using [8], [34] 


_ (koW í 
1 7, | sin e S080 
Giz f a 
0 


cos 0 


Jo(koL sin 0) sin? 6 dé (14-18a) 
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where Jo is the Bessel function of the first kind of order zero. For typical microstrip 
antennas, the mutual conductance obtained using (14-18a) is small compared to the 
self conductance G, of (14-8a) or (14-12). 

As shown by (14-8a) and (14-17), the input resistance is not strongly dependent 
upon the substrate height A. In fact for very small values of A, such that koh « 1, 
the input resistance is not dependent on h. Modal-expansion analysis also reveals 
that the input resistance is not strongly influenced by the substrate height h. It is 
apparent from (14-82) and (14-17) that the resonant input resistance can be decreased 
by increasing the width W of the patch. This is acceptable as long as the ratio of W/L 
does not exceed 2 because the aperture efficiency of a single patch begins to drop, as 
W/L increases beyond 2. 

The resonant input resistance, as calculated by (14-17), is referenced at slot #1. 
However, it has been shown that the resonant input resistance can be changed by using 
an inset feed, recessed a distance yọ from slot #1, as shown in Figure 14.11(a). This 
technique can be used effectively to match the patch antenna using a microstrip-line 


| L >| 
Y 
— Yo —>| 
! 
W 
$ 
Wo 
Y 
(a) Recessed microstrip-line feed 
1.0 T T T T T T T T T T T T T T T 
2 075 4 
e 
1l 
EN 4 
RE 
& 
<= 0.50 
EN 
1l 
EN 
M 
x 
0.25 4] 
(0:0 E— 3p fe Fp cap pIupe Spo see pe pt Sy 
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yo/L 
(b) Normalized input resistance 


Figure 14.11 Recessed microstrip-line feed and variation of normalized input resistance. 
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feed whose characteristic impedance is given by [79] 


60 8h Wo 
Inj — + a Wo 
Meet LWo 4h PE 1 (14-19a) 
Ze = 1207 
RUE (14-192) 


= PM vut dr: E 
Veit E + 1.393 + 0.667 In (= n 22] D 


where Wo is the width of the microstrip line, as shown in Figure 14.11. Using modal- 
expansion analysis, the input resistance for the inset feed is given approximately 
by [8], [16] 


Ral 39 = pees [008" (Eno) 
in (Y = Yo) = ————— | 08° ( — 
y = yo 1G, £ G5) L^? 
G? + B? B 2 
+ ro sw (Fo) - a sin (F»)| (14-20) 


where Y, = 1/Z,. Since for most typical microstrips G;/Y, « 1 and Bj/Y, « 1, 
(14-20) reduces to 

T 

Zy) 


1 
Rin — m 4 ( 
(y = yo) XG EG) eos (7 


= R (y = 0) cos? (Fo) (14-20a) 


A plot of the normalized value of (14-20a) is shown in Figure 14.11(b). 

The values obtained using (14-20) agree fairly well with experimental data. How- 
ever, the inset feed introduces a physical notch, which in turn introduces a junction 
capacitance. The physical notch and its corresponding junction capacitance influence 
slightly the resonance frequency, which typically may vary by about 1%. It is appar- 
ent from (14-20a) and Figure 14.11(b) that the maximum value occurs at the edge of 
the slot (yo = 0) where the voltage is maximum and the current is minimum; typical 
values are in the 150—300 ohms. The minimum value (zero) occurs at the center of 
the patch (yo = L/2) where the voltage is zero and the current is maximum. As the 
inset feed point moves from the edge toward the center of the patch the resonant input 
impedance decreases monotonically and reaches zero at the center. When the value of 
the inset feed point approaches the center of the patch (yo = L/2), the cos? (t yo/L) 
function varies very rapidly; therefore the input resistance also changes rapidly with 
the position of the feed point. To maintain very accurate values, a close tolerance must 
be preserved. 


Example 14.2 


A microstrip antenna with overall dimensions of L — 0.906 cm (0.357 inches) and W — 
1.186 cm (0.467 inches), substrate with height h = 0.1588 cm (0.0625 inches) and dielectric 
constant of e, — 2.2, is operating at 10 GHz. Find: 
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a. The input impedance. 
b. The position of the inset feed point where the input impedance is 50 ohms. 


Solution: 


30 


ào = = 
fum 


—3cm 


Using (14-12) and (14-122) 
G, = 0.00157 siemens 


which compares with G; = 0.00328 using (14-82). Using (14-182) 
G1? = 6.1683 x 107* 


Using (14-17) with the (+) sign because of the odd field distribution between the radiating 
slots for the dominant TMo;9 mode 


Rin = 228.3508 ohms. 


Since the input impedance at the leading radiating edge of the patch is 228.3508 ohms while 
the desired impedance is 50 ohms, the inset feed point distance yo is obtained using (14-20a). 
Thus 
2 (3 
50 — 228.3508 cos (+ vo) 


or 


yo = 0.3126 cm (0.123 inches) 


14.2.2 Cavity Model 


Microstrip antennas resemble dielectric-loaded cavities, and they exhibit higher order 
resonances. The normalized fields within the dielectric substrate (between the patch 
and the ground plane) can be found more accurately by treating that region as a cav- 
ity bounded by electric conductors (above and below it) and by magnetic walls (to 
simulate an open circuit) along the perimeter of the patch. This is an approximate 
model, which in principle leads to a reactive input impedance (of zero or infinite 
value of resonance), and it does not radiate any power. However, assuming that the 
actual fields are approximate to those generated by such a model, the computed pat- 
tern, input admittance, and resonant frequencies compare well with measurements [12], 
[16], [18]. This is an accepted approach, and it is similar to the perturbation meth- 
ods which have been very successful in the analysis of waveguides, cavities, and 
radiators [81]. 

To shed some insight into the cavity model, let us attempt to present a physical inter- 
pretation into the formation of the fields within the cavity and radiation through its 
side walls. When the microstrip patch is energized, a charge distribution is established 
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Figure 14.12 Charge distribution and current density creation on microstrip patch. 


on the upper and lower surfaces of the patch, as well as on the surface of the ground 
plane, as shown in Figure 14.12. The charge distribution is controlled by two mech- 
anisms; an attractive and a repulsive mechanism [34]. The attractive mechanism is 
between the corresponding opposite charges on the bottom side of the patch and the 
ground plane, which tends to maintain the charge concentration on the bottom of the 
patch. The repulsive mechanism is between like charges on the bottom surface of the 
patch, which tends to push some charges from the bottom of the patch, around its 
edges, to its top surface. The movement of these charges creates corresponding current 
densities J, and J;, at the bottom and top surfaces of the patch, respectively, as shown 
in Figure 14.12. Since for most practical microstrips the height-to-width ratio is very 
small, the attractive mechanism dominates and most of the charge concentration and 
current flow remain underneath the patch. A small amount of current flows around 
the edges of the patch to its top surface. However, this current flow decreases as the 
height-to-width ratio decreases. In the limit, the current flow to the top would be zero, 
which ideally would not create any tangential magnetic field components to the edges 
of the patch. This would allow the four side walls to be modeled as perfect magnetic 
conducting surfaces which ideally would not disturb the magnetic field and, in turn, 
the electric field distributions beneath the patch. Since in practice there is a finite 
height-to-width ratio, although small, the tangential magnetic fields at the edges would 
not be exactly zero. However, since they will be small, a good approximation to the 
cavity model is to treat the side walls as perfectly magnetic conducting. This model 
produces good normalized electric and magnetic field distributions (modes) beneath 
the patch. 

If the microstrip antenna were treated only as a cavity, it would not be sufficient 
to find the absolute amplitudes of the electric and magnetic fields. In fact by treat- 
ing the walls of the cavity, as well as the material within it as lossless, the cavity 
would not radiate and its input impedance would be purely reactive. Also the func- 
tion representing the impedance would only have real poles. To account for radiation, 
a loss mechanism has to be introduced. In Figures 2.27 and 2.28 of Chapter 2, this 
was taken into account by the radiation resistance R, and loss resistance Rz. These 
two resistances allow the input impedance to be complex and for its function to have 
complex poles; the imaginary poles representing, through R, and Rz, the radiation 
and conduction-dielectric losses. To make the microstrip lossy using the cavity model, 
which would then represent an antenna, the loss is taken into account by introducing 
an effective loss tangent dee. The effective loss tangent is chosen appropriately to rep- 
resent the loss mechanism of the cavity, which now behaves as an antenna and is taken 
as the reciprocal of the antenna quality factor Q (Ser = 1/Q). 
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Because the thickness of the microstrip is usually very small, the waves generated 
within the dielectric substrate (between the patch and the ground plane) undergo con- 
siderable reflections when they arrive at the edge of the patch. Therefore only a small 
fraction of the incident energy is radiated; thus the antenna is considered to be very 
inefficient. The fields beneath the patch form standing waves that can be represented 
by cosinusoidal wave functions. Since the height of the substrate is very small (h «& à 
where à is the wavelength within the dielectric), the field variations along the height 
will be considered constant. In addition, because of the very small substrate height, 
the fringing of the fields along the edges of the patch are also very small whereby the 
electric field is nearly normal to the surface of the patch. Therefore only TM” field 
configurations will be considered within the cavity. While the top and bottom walls 
of the cavity are perfectly electric conducting, the four side walls will be modeled 
as perfectly conducting magnetic walls (tangential magnetic fields vanish along those 
four walls). 


A. Field Configurations (modes )—TM* 

The field configurations within the cavity can be found using the vector potential 
approach described in detail in Chapter 8 of [79]. Referring to Figure 14.13, the volume 
beneath the patch can be treated as a rectangular cavity loaded with a dielectric material 
with dielectric constant e,. The dielectric material of the substrate is assumed to be 
truncated and not extended beyond the edges of the patch. The vector potential A, 
must satisfy the homogeneous wave equation of 


VA, +k? A, =0 (14-21) 
whose solution is written in general, using the separation of variables, as [79] 


Ay = [A1 cos(k,x) + Bı sin(k,x)][A2 cos(kyy) + B2 sin(kyy)] 
- [As cos(k,z) + B5 sin(k,z)] (14-22) 


M 


Figure 14.13 Rectangular microstrip patch geometry. 
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where k,, ky and k, are the wavenumbers along the x, y, and z directions, respectively. 
These will be determined subject to the boundary conditions. The electric and magnetic 
fields within the cavity are related to the vector potential A, by [79] 


we Nox? 
1 9^4, 1 ðA; 
E, = -j— H, = — (14-23) 
- oe OXOY u Oz 
1 8?A, 1 89A, 
E, =-j— ae 
wue 0X0Z u Oy 


subject to the boundary conditions of 


Ex =0,0 sy €E,0«z <W) 
=E, (x =h,0<y <L,0<z <W)=0 
H,(0xx <h,0< y'< L,z —0) (14-24) 
=H (0<x <h,0<y' <L, z =W)=0 
H. (0 x <h, y' =0,0<z' <W) 
= H (0 <x’ <h, y =L,0<z' <W)=0 
The primed coordinates x’, y', z' are used to represent the fields within the cavity. 


Applying the boundary conditions E,(x’=0,0< y < L,Ox z x W) —0 and 
E,(x' =h,O< y’<L,0<2z' < W) =0, it can be shown that B; = 0 and 


mit 
Me m —0,1,2,... (14-25) 


Similarly, applying the boundary conditions H,(0 < x' < h,0 < y' < L,z =0)=0 
and H,(0 < x' € h,0 < y' € L,z' = W) =0, it can be shown that B3 = 0 and 


pz 
KS p-—0.12,. (14-26) 
Finally, applying the boundary conditions H,(0 < x’ < h, y' 20,0 < z' x W) = 0 and 
H.(0xx xh,y —L,0xz x W)-0,it can be shown that B; = 0 and 
T 
k ==, n2012... (14-27) 


Thus the final form for the vector potential A, within the cavity is 


Ax = Agnp COS(kx x") cos(ky y^) cos(k;z') (14-28) 


830 MICROSTRIP ANTENNAS 


where Amnp represents the amplitude coefficients of each mnp mode. The wavenumbers 
kx, ky, k; are equal to 


EN 
k, - (—). n20,1,2,... 1 m2n- p Z0 (14-29) 
k - (7), p —0,1,2, 


where m, n, p represent, respectively, the number of half-cycle field variations along 
the x, y, z directions. 
Since the wavenumbers kx, ky, and k; are subject to the constraint equation 


FECE A mn (Ey (=)= ia : 
ere E (T -(T) +F) -€- uw (14-30) 


the resonant frequencies for the cavity are given by 


TOME (Sy «(mmy . (amy (14-31) 
UP ^ OmJ/LHeVN h L W 
Substituting (14-28) into (14-23), the electric and magnetic fields within the cavity 


are written as 


_(k? — k2) i ; ; 
Ex = — j ——Anmp COS(k,x ) cos(k, y ) cos(kzz ) 
WILE 


kk . : 
E, = —j—A rnp sin(kyx’) sin(k, y^) cos(k;z^) 
WILE 


kxk; . / / . / 
z = —j—— Anmp Sin(k;x ) cos(k,y ) sin(k,z ) (14-32) 
CLE 


SH 
II 


kz 
— — Amnp COS(k,x^) cos (ky y^) sin(k,z’) 
u 
ky 1 $ / / 
H, = — Amnp Cos(k,x’) sin(ky y ) cos(k.z ) 
u 


To determine the dominant mode with the lowest resonance, we need to examine the 
resonant frequencies. The mode with the lowest order resonant frequency is referred to 
as the dominant mode. Placing the resonant frequencies in ascending order determines 
the order of the modes of operation. For all microstrip antennas h « L and h < W. 
If L > W >h, the mode with the lowest frequency (dominant mode) is the TM}y, 
whose resonant frequency is given by 


Vo 


1 
— (14-33) 
2LJ/ue 2L./e,; 


Cfi)o10 = 
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where vp is the speed of light in free-space. If in addition L > W > L/2 > h, the next 
higher order (second) mode is the TM, whose resonant frequency is given by 


1 _ Uo 
2W /ue 2W Ye, 


If, however, L > L/2 > W > h, the second order mode is the TMyj,, instead of the 
TM), whose resonant frequency is given by 


Cfr)o01 = (14-34) 


u 1 O Uo E 
Cfr)o20 = LJE = LJé (14-35) 


If W > L > A, the dominant mode is the TMj,, whose resonant frequency is given 
by (14-34) while if W > W/2 > L > h the second order mode is the TM},,. Based 
upon (14-32), the distribution of the tangential electric field along the side walls of 
the cavity for the TM 9, TMoy, TMo and TMo is as shown, respectively, in 
Figure 14.14. 

In all of the preceding discussion, it was assumed that there is no fringing of 
the fields along the edges of the cavity. This is not totally valid, but it is a good 
assumption. However, fringing effects and their influence were discussed previously, 
and they should be taken into account in determining the resonant frequency. This was 
done in (14-5) for the dominant TM, mode. 


(c) TM "gg (d) TM 92 


Figure 14.14 Field configurations (modes) for rectangular microstrip patch. 
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B. Equivalent Current Densities 

It has been shown using the cavity model that the microstrip antenna can be modeled 
reasonably well by a dielectric-loaded cavity with two perfectly conducting electric 
walls (top and bottom), and four perfectly conducting magnetic walls (sidewalls). It 
is assumed that the material of the substrate is truncated and does not extend beyond 
the edges of the patch. The four sidewalls represent four narrow apertures (slots) 
through which radiation takes place. Using the Field Equivalence Principle (Huygens’ 
Principle) of Section 12.2 of Chapter 12, the microstrip patch is represented by an 
equivalent electric current density J, at the top surface of the patch to account for the 
presence of the patch (there is also a current density J, at the bottom of the patch which 
is not needed for this model). The four side slots are represented by the equivalent 
electric current density Js and equivalent magnetic current density M,, as shown in 
Figure 14.15(a), each represented by 


J; =fix H, (14-36) 


and 
M, = —fi x E, (14-37) 


where E, and H, represent, respectively, the electric and magnetic fields at the slots. 
Because it was shown for microstrip antennas with very small height-to-width ratio 
that the current density J; at the top of the patch is much smaller than the current 


(b) J; = 0, M, with ground plane (c) M, with no ground plane 


Figure 14.15 Equivalent current densities on four sides of rectangular microstrip patch. 
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density J, at the bottom of the patch, it will be assumed it is negligible here and it 
will be set to zero. Also it was argued that the tangential magnetic fields along the 
edges of the patch are very small, ideally zero. Therefore the corresponding equivalent 
electric current density J, will be very small (ideally zero), and it will be set to zero 
here. Thus the only nonzero current density is the equivalent magnetic current density 
M, of (14-37) along the side periphery of the cavity radiating in the presence of the 
ground plane, as shown in Figure 14.15(b). The presence of the ground plane can 
be taken into account by image theory which will double the equivalent magnetic 
current density of (14-37). Therefore the final equivalent is a magnetic current density 
of twice (14-37) or 

M, = —2f x E, (14-38) 


around the side periphery of the patch radiating into free-space, as shown in 
Figure 14.15(c). 

It was shown, using the transmission-line model, that the microstrip antenna can be 
represented by two radiating slots along the length of the patch (each of width W and 
height A). Similarly it will be shown here also that while there are a total of four slots 
representing the microstrip antenna, only two (the radiating slots) account for most of 
the radiation; the fields radiated by the other two, which are separated by the width W 
of the patch, cancel along the principal planes. Therefore the same two slots, separated 
by the length of the patch, are referred to here also as radiating slots. The slots are 
separated by a very low-impedance parallel-plate transmission line of length L, which 
acts as a transformer. The length of the transmission line is approximately 4/2, where A 
is the guide wavelength in the substrate, in order for the fields at the aperture of the two 
slots to have opposite polarization. This is illustrated in Figures 14.1(a) and 14.14(a). 
The two slots form a two-element array with a spacing of 4/2 between the elements. It 
will be shown here that in a direction perpendicular to the ground plane the components 
of the field add in phase and give a maximum radiation normal to the patch; thus it 1s 
a broadside antenna. 

Assuming that the dominant mode within the cavity is the TM}, mode, the electric 
and magnetic field components reduce from (14-32) to 


T / 
E, = Eo cos (Fy) 
: T 
H: = Hysin(7-y') (14-39) 


E, = E, = H, = H, =0 


where Eo = —joAoio and Ho = (zt/uL)Aoi;o. The electric field structure within the 
substrate and between the radiating element and the ground plane is sketched in 
Figures 14.1(a,b) and 14.14(a). It undergoes a phase reversal along the length but it 
is uniform along its width. The phase reversal along the length is necessary for the 
antenna to have broadside radiation characteristics. 

Using the equivalence principle of Section 12.2, each slot radiates the same fields 
as a magnetic dipole with current density M, equal to (14-38). By referring to Figures 
14.16 the equivalent magnetic current densities along the two slots, each of width 
W and height h, are both of the same magnitude and of the same phase. Therefore 
these two slots form a two-element array with the sources (current densities) of the 
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Figure 14.16 Rectangular microstrip patch radiating slots and equivalent magnetic current 
densities. 
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Figure 14.17 Typical E- and H-plane patterns of each microstrip patch slot, and of the two 
together. 


same magnitude and phase, and separated by L. Thus these two sources will add in 
a direction normal to the patch and ground plane forming a broadside pattern. This is 
illustrated in Figures 14.17(a) where the normalized radiation pattern of each slot in 
the principal E-plane is sketched individually along with the total pattern of the two. 
In the H-plane, the normalized pattern of each slot and of the two together is the same, 
as shown in Figure 14.17(b). 

The equivalent current densities for the other two slots, each of length L and height 
h, are shown in Figure 14.18. Since the current densities on each wall are of the same 
magnitude but of opposite direction, the fields radiated by these two slots cancel each 
other in the principal H-plane. Also since corresponding slots on opposite walls are 
180° out of phase, the corresponding radiations cancel each other in the principal E- 
plane. This will be shown analytically. The radiation from these two side walls in 
nonprincipal planes is small compared to the other two side walls. Therefore these two 
slots are usually referred to as nonradiating slots. 


C. Fields Radiated —TMy?,, Mode 
To find the fields radiated by each slot, we follow a procedure similar to that used to 
analyze the aperture in Section 12.5.1. The total field is the sum of the two-element 
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Figure 14.18 Current densities on nonradiating slots of rectangular microstrip patch. 


array with each element representing one of the slots. Since the slots are identical, this 
is accomplished by using an array factor for the two slots. 


Radiating Slots Following a procedure similar to that used to analyze the aperture 
in Section 12.5.1, the far-zone electric fields radiated by each slot, using the equivalent 
current densities of (14-38), are written as 


E, ~ Eg ~0 (14-40a) 
koh W Ege) ( .  sin(X) sin(Z) 
Eg = +j — 0 14-40b 
end 27r {sin X Z ( ) 
where ~Y 
X= ES sinO cos $ (14-40c) 
kyW 

Z= S cos 6 (14-40d) 

For very small heights (koh «& 1), (14-40b) reduces to 

. f kKkoW 
V e-jkor sin D cos Ó 

Ey = +j sin à ——______—. (14-41) 


Tr cos 0 


where Vo = h Eo. 
According to the theory of Chapter 6, the array factor for the two elements, of the 
same magnitude and phase, separated by a distance Le along the y direction is 


koLe 


(AF), = 2cos ( sin 0 sin 6) (14-42) 
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where L, is the effective length of (14-3). Thus, the total electric field for the two slots 
(also for the microstrip antenna) is 


E= 4j koh W Ege J" {sine sin(X) sin(Z) | 
Tr X Z 
(14-43) 
koLe ; " 
X COS 2 sin 0 sing 
h 

where koh 

X= 25 sin 0 cos $ (14-432) 
koW 

Z= ES cos 0 (14-43b) 


For small values of h (koh « 1), (14-43) reduces to 


; 0 
i 2Voe™io f ui (Z a e) koLe . |. 
fo sin 9 — —— ——— ——— } cos | —— sin ô sing (14-44) 
Tr cos 0 2 
where Vo = h Eo is the voltage across the slot. 
E -Plane (0 = 90°,0° < $ < 90° and 270° < ¢ < 360°) 
For the microstrip antenna, the x-y plane (0 = 90°, 0° < $ < 90° and 270° < $ < 


360°) is the principal E-plane. For this plane, the expressions for the radiated fields 
of (14-43)-(14-43b) reduce to 


(koh 
3 ee |e ae Ee 
E; = +i-—— | — —- cos 


— sin 6) (14-45) 
H -Plane (¢ = 0°,0° < 0 < 180°) 


The principal H-plane of the microstrip antenna is the x-z plane ($ = 0°,0° «0 < 
180°), and the expressions for the radiated fields of (14-43)—(14-43b) reduce to 


sin (= sino ) sin (+ cos e) 
; in| — si in| —— 
gh MEE | NN IN, quen 
o~ TI mr Koh koW 
cx =a 0098 


To illustrate the modeling of the microstrip using the cavity model, the principal 
E- and H-plane patterns have been computed at fọ = 10 GHz for the rectangular 
microstrip of Example 14.1 and Figure 14.8(a), with e, = 2.2, h — 0.1588 cm, L = 
0.906 cm and Le = 1.068 cm. These are displayed in Figure 14.19(a) for the E-plane 
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and Figure 14.19(b) for the H-plane where they are compared with measurements. 
A good agreement is indicated. However there are some differences in the E-plane 
primarily near grazing and in the region below the ground plane. The ground plane 
was 10 cm x 10 cm. The differences near grazing in the E-plane are primarily because 
the theory assumes the dielectric material of the substrate is truncated and does not 
cover the ground plane beyond the edges of the patch while those in the back region 
are because the theory assumes an infinite ground plane. The shape of the H-plane 
patterns are not affected significantly by the dielectric cover or the edges. Edge effects 
can be taken into account using diffraction theory [48], [79]. The noted asymmetry in 
the measured and Moment Method computed patterns is due to the feed which is not 
symmetrically positioned along the E-plane. The Moment Method analysis accounts for 
the position of the feed, while the cavity model does not account for it. The pattern for 
0° < $ < 180° [left half in Figure 14.19(a)] corresponds to observation angles which 
lie on the same side of the patch as does the feed probe. 

The presence of the dielectric-covered ground plane modifies the reflection coeffi- 
cient, which influences the magnitude and phase of the image. This is similar to the 
ground effects discussed in Section 4.8 of Chapter 4. To account for the dielectric, the 


90° 270° 


— Measured 
— —- Moment method (Courtesy D. Pozar) 
—:— Cavity model 


(a) E-plane (0 = 90?) 


Figure 14.19  Predicted and measured E- and H-plane patterns of rectangular microstrip patch 
(L = 0.906 cm, W = 1.186 cm, h = 0.1588 cm, yo = 0.3126 cm, e, = 22, fo = 10 GHz). 
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— Measured 
— —- Moment method (Courtesy D. Pozar) 
—-— Cavity model 


(b) H-plane (9 = 0°) 


Figure 14.19 (continued) 


reflection coefficient for vertical polarization of +1 must be replaced by the reflection 
coefficient of (4-125) while the reflection coefficient for horizontal polarization of —1 
must be replaced by the reflection coefficient of (4-128). Basically the introduction of 
the reflection coefficients of (4-125) and (4-128) to account for the dielectric cover 
of the ground plane is to modify the boundary conditions of the perfect conductor to 
one with an impedance surface. The result is for (4-125) to modify the shape of the 
pattern in the E-plane of the microstrip antenna, primarily for observation angles near 
grazing (near the ground plane), as was done in Figure 4.31 for the lossy earth. Similar 
changes are expected for the microstrip antenna. The changes in the pattern near grazing 
come from the fact that, for the perfect conductor, the reflection coefficient for verti- 
cal polarization is 4-1 for all observation angles. However for the dielectric-covered 
ground plane (impedance surface), the reflection coefficient of (4-125) is nearly +1 
for observation angles far away from grazing but begins to change very rapidly near 
grazing and becomes —1 at grazing [79]; thus the formation of an ideal null at grazing. 

Similarly the reflection coefficient of (4-128) should basically control the pattern 
primarily in the H-plane. However, because the reflection coefficient for horizontal 
polarization for a perfect conductor is —1 for all observation angles while that of 
(4-128) for the dielectric-covered ground plane is nearly —1 for all observation angles, 
the shape of the pattern in the H-plane is basically unaltered by the presence of 
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the dielectric cover [79]. This is illustrated in Figure 4.32 for the earth. The pattern 
also exhibits a null along the ground plane. Similar changes are expected for the 
microstrip antenna. 


Nonradiating Slots The fields radiated by the so-called nonradiating slots, each of 
effective length L, and height h, are found using the same procedure as for the two 
radiating slots. Using the fields of (14-39), the equivalent magnetic current density of 
one of the nonradiating slots facing the +z axis is 


M, = —2fi x E, = â,2Eo cos (zv) (14-47) 


and it is sketched in Figure 14.18. A similar one is facing the —z axis. Using the same 
procedure as for the radiating slots, the normalized far-zone electric field components 
radiated by each slot are given by 


m ae [r QN o | PE R 
p= M [y cos 8 ino} ei) (14-48b) 
where 
X mi sin 0 cos @ (14-48c) 
Y = hke sin sin $ (14-48d) 


Since the two nonradiating slots form an array of two elements, of the same mag- 
nitude but of opposite phase, separated along the z axis by a distance W, the array 
factor is 


koW 
(AF); = 2j sin (at cos 0) (14-49) 


Therefore the total far-zone electric field is given by the product of each of (14-48a) 
and (14-48b) with the array factor of (14-49). 

In the H-plane ($ = 0°, 0° < 6 < 180°), (14-48a) and (14-48b) are zero because the 
fields radiated by each quarter cycle of each slot are cancelled by the fields radiated 
by the other quarter. Similarly in the E-plane (6 = 90°, 0° < $ < 90° and 270° < $ < 
360°) the total fields are also zero because (14-49) vanishes. This implies that the fields 
radiated by each slot are cancelled by the fields radiated by the other. The nonradiation 
in the principal planes by these two slots was discussed earlier and demonstrated by 
the current densities in Figure 14.18. However, these two slots do radiate away from 
the principal planes, but their field intensity in these other planes is small compared 
to that radiated by the two radiating slots such that it is usually neglected. Therefore 
they are referred to as nonradiating slots. 
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14.2.3 Directivity 


As for every other antenna, the directivity is one of the most important figures-of-merit 
whose definition is given by (2-16a) or 


Umax dams 
Dod. a (14-50) 
Uo Prad 


Single Slot (koh « 1) Using the electric field of (14-41), the maximum radiation 
intensity and radiated power can be written, respectively, as 


Io (nwy? 
Umax = — 14-51 
max = 3r omi A Ag ( ) 
. (ko i 
IW [7 npe xor 0 
Phi | — 4 | sin? 6 d6 (14-52) 
2nor Jo cos 0 


2nWAM? 1 
Do = = 14-53 
^ ( Ad ) Tı ee 


where 


sin(X) 
= | —2 + cos(X) + XS; (X) + x (14-53a) 
X = koW (14-53b) 
Asymptotically the values of (14-53) vary as 

3.3(dimensionless) = 5.2 dB W «& ào 
Do = w (14-54) 

4 (=) W > do 

Ao 


The directivity of a single slot can be computed using (14-53) and (14-53a). In addi- 
tion, it can also be computed using (14-41) and the computer program Directivity of 
Chapter 2. Since both are based on the same formulas, they should give the same 
results. Plots of the directivity of a single slot for h = 0.0149 and 0.0549 as a function 
of the width of the slot are shown in Figure 14.20. It is evident that the directivity of 
a single slot is not influenced strongly by the height of the substrate, as long as it 1s 
maintained electrically small. 
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Figure 14.20 Computed directivity of one and two slots as a function of the slot width. 


Two Slots (koh « 1) For two slots, using (14-44), the directivity can be written as 


23W NA? x 2 wA? 
D,— OE inest a n 14-55 
: ( n ) b Ga (=) ( ) 


where Graa is the radiation conductance and 


2 
cos 0 
sin (= cose) ) - 3 2 koLe : 3 
sin” 0 cos -5 ne sino | d0 dọ (14-552) 


cos 0 


The total broadside directivity D» for the two radiating slots, separated by the 


dominant TM;,, mode field (antisymmetric voltage distribution), can also be written 
as [8], [82] 


1+ gi2 
2 X1 2 
1 cg: 


D; = Do Dar = Do (14-56) 


Dip = (14-56a) 


where 


Do = directivity of single slot [as given by (14-53) and (14-53a)] 
Dar = directivity of array factor AF 


koL 
[ar = cos ( 


oO sin0 sing 
2 
212 = normalized mutual conductance = G12/G; 
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This can also be justified using the array theory of Chapter 6. The normalized mutual 
conductance g 7 can be obtained using (14-12), (14-12a), and (14-18a). Computed val- 
ues based on (14-18a) show that usually gj? «& 1; thus (14-56a) is usually a good 
approximation to (14-56). 

Asymptotically the directivity of two slots (microstrip antenna) can be expressed as 


6.6(dimensionless) = 8.2dB W «& o 


D, = W (14-57) 
8 (=) W > do 
Ao 


The directivity of the microstrip antenna can now be computed using (14-55) and 
(14-55a). In addition, it can also be computed using (14-44) and the computer program 
Directivity of Chapter 2. Since they are based on the same formulas, they should give 
the same results. Plots of directivity of a microstrip antenna, modeled by two slots, 
for h = 0.019 and 0.054, are shown plotted as a function of the width of the patch 
(W/Xo) in Figure 14.20. It is evident that the directivity is not a strong function of 
the height, as long as the height is maintained electrically small. A typical plot of 
the directivity of a patch for a fixed resonant frequency as a function of the substrate 
height (1/40), for two different dielectrics, is shown in Figure 14.21. 

The directivity of the slots also can be approximated by Kraus’s, (2-26), and Tai & 
Pereira’s, (2-30a), formulas in terms of the E- and H-plane beamwidths, which can 
be approximated by [36] 


7.0326 
4(3L2 + h?)x? 


| 1 
On c 2cos^! SYL (14-59) 
0 


Or c 2cos! (14-58) 
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Figure 14.21 Directivity variations as a function of substrate height for a square microstrip 
patch antenna. (Courtesy of D. M. Pozar) 
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The values of the directivities obtained using (14-58) and (14-59) along with either 
(2-26) or (2-30a) will not be very accurate since the beamwidths, especially in the 
E-plane, are very large. However, they can serve as guidelines. 


Example 14.3 


For the rectangular microstrip antenna of Examples 14.1 and 14.2, with overall dimensions of 
L = 0.906 cm and W = 1.186 cm, substrate height h = 0.1588 cm, and dielectric constant 
of e, = 2.2, center frequency of 10 GHz, find the directivity based on (14-56) and (14-56a). 
Compare with the values obtained using (14-55) and (14-553). 

Solution: From the solution of Example 14.2 


G, = 0.00157 Siemens 
Gi = 6.1683 x 107^ Siemens 
812 = Gi2/G; = 0.3921 


Using (14-56a) 
2 2 


(EU  1+0.3921 
Using (14-53) and (14-532) 


Dar — = 1.4367 = 1.5736 dB 


I, = 1.863 


AW? 1 
Do = — — 3.312 = 5.201 dB 
Xo "n 


According to (14-56) 
D»; = DoDar = 3.312(1.4367) = 4.7584 = 6.7746 dB 


Using (14-552) 
h = 3.59801 


Finally, using (14-55) 


2: 
) £ SIIT = OT dB 
h 


A MATLAB and FORTRAN computer program, designated as Microstrip, has 
been developed to design and compute the radiation characteristics of rectangular and 
circular microstrip patch antennas. The description of the program is found in the 
corresponding READ ME file included in the CD attached to the book. 


14.3 CIRCULAR PATCH 


Other than the rectangular patch, the next most popular configuration is the circular 
patch or disk, as shown in Figure 14.22. It also has received a lot of attention not only 
as a single element [6], [10], [13], [46], [47], [51], but also in arrays [65] and [74]. 


844 MICROSTRIP ANTENNAS 


Figure 14.22 Geometry of circular microstrip patch antenna. 


The modes supported by the circular patch antenna can be found by treating the patch, 
ground plane, and the material between the two as a circular cavity. As with the rect- 
angular patch, the modes that are supported primarily by a circular microstrip antenna 
whose substrate height is small (h « 4) are TM? where z is taken perpendicular to 
the patch. As far as the dimensions of the patch, there are two degrees of freedom to 
control (length and width) for the rectangular microstrip antenna. Therefore the order 
of the modes can be changed by changing the relative dimensions of the width and 
length of the patch (width-to-length ratio). However, for the circular patch there is only 
one degree of freedom to control (radius of the patch). Doing this does not change 
the order of the modes; however, it does change the absolute value of the resonant 
frequency of each [79]. 

Other than using full-wave analysis [51], [65], [74], the circular patch antenna can 
only be analyzed conveniently using the cavity model [10], [46], [47]. This can be 
accomplished using a procedure similar to that for the rectangular patch but now using 
cylindrical coordinates [79]. The cavity is composed of two perfect electric conductors 
at the top and bottom to represent the patch and the ground plane, and by a cylindrical 
perfect magnetic conductor around the circular periphery of the cavity. The dielectric 
material of the substrate is assumed to be truncated beyond the extent of the patch. 


14.3.1 Electric and Magnetic Fields — TMZ 


mnp 
To find the fields within the cavity, we use the vector potential approach. For TM* we 
need to first find the magnetic vector potential A,, which must satisfy, in cylindrical 
coordinates, the homogeneous wave equation of 


V^A«(p, $, z) -- K Aso, p, z) = 0. (14-60) 


It can be shown that for TM* modes, whose electric and magnetic fields are related to 
the vector potential A, by [79] 


1 8?A, 118A; 
E,;2-—j—— ,=—— 
WUE ones up dg 
. do ale as 1 dA, 
p ci H, = -—— 14-61 
7 oe p 8092 u 9p ( ) 


. 1 9? 5 
E; = —-j— | z5 tk] A Mm=0 
wue \ OZ 
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subject to the boundary conditions of 


E,0<p' <a, 0< <2z7,z/=0)=0 
E,(0xp xa,0x 9 x2m,z-—h)-0 
Hg(p' —2a,0xó <27,0< 2’ <h)=0 (14-62) 


the magnetic vector potential A, reduces to [79] 
Az = Bmnp Im(kpp')[A2 cos(m’) + B2 sin(md')] cos(k;z^) (14-63) 
with the constraint equation of 
(kp)? + (kz)? = kK? = wpe (14-63a) 


The primed cylindrical coordinates p’, $', z' are used to represent the fields within the 
cavity while J,, (x) is the Bessel function of the first kind of order m, and 


ko = Xin /a (14-63b) 

jee (14-63c) 
h 

m =0,1,2,... (14-63d) 

n=1,2,3,... (14-63e) 

p=0,1,2,... (14-63f) 


In (14-63b) x/,,, represents the zeroes of the derivative of the Bessel function Jm (x), 
and they determine the order of the resonant frequencies. The first four values of x,,,, 
in ascending order, are 


xi, = 1.8412 
xi, = 3.0542 
Xi, = 3.8318 (14-64) 
xi, = 42012 


14.3.2 Resonant Frequencies 


The resonant frequencies of the cavity, and thus of the microstrip antenna, are found 
using (14-63a)—(14-63f). Since for most typical microstrip antennas the substrate height 
h is very small (typically h < 0.05A9), the fields along z are essentially constant and 
are presented in (14-63f) by p = 0 and in (14-63c) by k, = 0. Therefore the resonant 
frequencies for the TM? , modes can be written using (14-632) as 


mud Xen 
Cfr) mno a zl = ) (14-65) 
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Based on the values of (14-64), the first four modes, in ascending order, are TM; 10° 
TM$5,, TM$j,y, and TM$,,. The dominant mode is the TM},) whose resonant fre- 
quency is 

1.8412 1.8412uo 


2xa4/nue E 2na Er 


where vg is the speed of light in free-space. 

The resonant frequency of (14-66) does not take into account fringing. As was 
shown for the rectangular patch, and illustrated in Figure 14.7, fringing makes the patch 
look electrically larger and it was taken into account by introducing a length correction 
factor given by (14-2). Similarly for the circular patch a correction is introduced by 
using an effective radius a,, to replace the actual radius a, given by [6] 


à, =a | ew [in (27) + ume] (14-67) 


Cfr)uo = (14-66) 


TAE, 2h 


Therefore the resonant frequency of (14-66) for the dominant TM{,, should be modified 
by using (14-67) and expressed as 


1.8412vo 
co Em 14-68 
(froo ae ( ) 


14.3.3 Design 


Based on the cavity model formulation, a design procedure is outlined which leads to 
practical designs of circular microstrip antennas for the dominant TMj,, mode. The 
procedure assumes that the specified information includes the dielectric constant of 
the substrate (e), the resonant frequency (/f;) and the height of the substrate ^. The 
procedure is as follows: 


Specify 
€,, f, (in Hz), and h (in cm) 


Determine The actual radius a of the patch. 
Design Procedure A first-order approximation to the solution of (14-67) for a is to find 


a, using (14-68) and to substitute that into (14-67) for a, and for a in the logarithmic 
function. Doing this leads to 


F 
B 2h nF 1/2 Pon 
1 In| — 1.772 
{+ se (s) ms] 

where " 

8.791 x 10 
F = = (14-69a) 

fale 


Remember that h in (14-69) must be in cm. 
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Example 14.4 
Design a circular microstrip antenna using a substrate (RT/duroid 5880) with a dielectric 
constant of 2.2, h = 0.1588 cm (0.0625 in.) so as to resonate at 10 GHz. 
Solution: Using (14-69a) 


(8791 x 10° 
~ 10 x 1094/2.2 


= 0.593 
Therefore using (14-69) 


F 


7 14 2 e ae o 
n| — " 
ze,F 2h 


An experimental circular patch based on this design was built and tested. It is probe fed from 
underneath by a coaxial line and is shown in Figure 14.8(b). Its principal E- and H-plane 
patterns are displayed in Figure 14.24(a, b). 


— 0.525 cm (0.207 in.) 


14.3.4 Equivalent Current Densities and Fields Radiated 


As was done for the rectangular patch using the cavity model, the fields radiated 
by the circular patch can be found by using the Equivalence Principle whereby the 
circumferential wall of the cavity is replaced by an equivalent magnetic current density 
of (14-38) as shown in Figure 14.23. Based on (14-61)—(14-63) and assuming a TM, 
mode field distribution beneath the patch, the normalized electric and magnetic fields 
within the cavity for the cosine azimuthal variations can be written as 


E, = Ey = H, =0 (14-70a) 

E; = EoJ\(kp’) cos o’ (14-70b) 
, Eo 1 — 

H, = j——— Jı (kp!) sing (14-70) 
wHo p 
L] Eo / / / 

Hg = j—— J, (kp ) cos@ (14-70d) 
wHo 


where ' = 0/dp and $' is the azimuthal angle along the perimeter of the patch. 
Based on (14-70b) evaluated at the electrical equivalent edge of the disk (o' = ae), 
the magnetic current density of (14-38) can be written as 


M, = —2f x Eg| pia, = à;2EoJi(ka,) cos o” (14-71) 
Since the height of the substrate is very small and the current density of (14-71) is 
uniform along the z direction, we can approximate (14-71) by a filamentary magnetic 
current of 


L, = AM, = &j2h EJ (kae) cos $^ = &;2Vo cos 9 (14-712) 


where Vo = h EoJi(ka,) at $' = 0. 
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Figure 14.23 Cavity model and equivalent magnetic current density for circular microstrip 
patch antenna. 


Using (14-712) the microstrip antenna can be treated as a circular loop. Referring 
to Chapter 5 for the loop and using the radiation equations of Sections 12.3 and 12.6, 
we can write that [10], [83] 


E, —0 (14-722) 
koae Vi —jkor 
Ep 2 (eos $ Jo) (14-72b) 
2 
koae Vi —jkor 
E, = j 25:7 — (cos sing Jo) (14-720) 
z 
Joo = Jo(koae sin 9) — Jo (koae sin 0) (14-72d) 
Jo» = Jo(koae sin 0) + Jz (koa, sin 0) (14-72e) 


where a, is the effective radius as given by (14-67). The fields in the principal planes 
reduce to: 


E -plane ($ = 0°, 180°,0° < 0 < 90°) 


kode Voe for 


Eo = J ————— bh (14-732) 
Es —0 (14-73b) 
H -plane (¢ = 90°,270°,0° < 0 < 90^) 
Eg =0 (14-74a) 
koae V, —jkor 
Eg =j eos 6 Jol (14-74b) 
r 


Patterns have been computed for the circular patch of Example 14.4, Figure 14.8(b) 
based on (14-73a)-(14-74b), and they are shown in Figure 14.24 where they are 
compared with measurements and Moment Method computed patterns. The noted 
asymmetry in the measured and Moment Method computed patterns is due to the 
feed which is not symmetrically positioned along the E-plane. The Moment Method 
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analysis accounts for the position of the feed, while the cavity model does not account 
for it. The pattern for the left half of Figure 14.24(a) corresponds to observation angles 
which lie on the same side of the patch as does the feed probe. The ground plane was 
15 cm x 15 cm. 


14.3.5 Conductance and Directivity 


The conductance due to the radiated power and directivity of the circular microstrip patch 
antenna can be computed using their respective definitions of (14-10) and (14-50). For 
each we need the radiated power, which based on the fields of (14-72b) and (14-72c) of 
the cavity model can be expressed as 


2 (kode)? te 


Paa = |Vol [J3 + cos? 0J2,] sin dé (14-75) 


960 


90? 


120° | (7 120? 
|-10 dB 


150° 0 dB 


—— — Measured 
— —* Moment method (Courtesy J. Aberle) 
—: — Cavity model 


(a) E-plane (p = 0°, 180?) 


Figure 14.24 Measured and computed (based on moment method and cavity models) E- and 
H-plane patterns of circular microstrip patch antenna (a = 0.525 cm, a, = 0.598 cm, pf = 0.1 
cm, e, = 2.2, h = 0.1588 cm, fo = 10 GHz, ào = 3 cm). 
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60° 


120° 


150° 0 dB 150° 


— Measured 
— —- Moment method (Courtesy J. Aberle) 
—:— Cavity model 


(b) H-plane ( = 90°, 270°) 


Figure 14.24 (continued) 


Therefore the conductance across the gap between the patch and the ground plane 
at 9 = 0° based on (14-10) and (14-75) can be written as 


(koae)? [7^ 


80 [12 + cos? 0J2] sin 6 dé (14-76) 


Grad = 


A plot of the conductance of (14-76) for the TM},) mode is shown in Figure 14.25. 
While the conductance of (14-76) accounts for the losses due to radiation, it does not 
take into account losses due to conduction (ohmic) and dielectric losses, which each 
can be expressed as [10] 


Emo tuo fr) 3? 2 2 
G: = tide. LL — m^] (14-77) 
gue em] (14-78) 


4uoh fr, 
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Figure 14.25 Radiation conductance versus effective radius for circular microstrip patch oper- 
ating in dominant TMj,, mode. 


where €no = 2 form = 0, €mo = 1 for m Æ 0, and f, represents the resonant frequency 
of the mnO mode. Thus, the total conductance can be written as 


G: = Gra + Ge + Ga (14-79) 


Based on (14-50), (14-72b), (14-72c), (14-75) and (14-76), the directivity for the 
slot at 0 = 0° can be expressed as 


MCN 


Z 14-80 
120G raa ( ) 


0 


A plot of the directivity of the dominant TM{;ọ mode as a function of the radius of 
the disk is shown plotted in Figure 14.26. For very small values of the radius the 
directivity approaches 3 (4.8 dB), which is equivalent of that of a slot above a ground 
plane and it agrees with the value of (14-54) for W «& Ao. 


14.3.6 Resonant Input Resistance 


As was the case for the rectangular patch antenna, the input impedance of a circular 
patch at resonance is real. The input power is independent of the feed-point position 
along the circumference. Taken the reference of the feed at ¢’ = 0°, the input resistance 
at any radial distance o' = pọ from the center of the patch, for the dominant TM;, 
mode (the one that does not have a zero in the amplitude pattern normal to the patch), 
can be written as i 

Rn (P = po) = LA 


= 14-81 
G, J? (ka) aE 


where G; is the total conductance due to radiation, conduction (ohmic) and dielectric 
losses, as given by (14-79). As was the case with the rectangular patch, the resonant 
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Figure 14.26 Directivity versus effective radius for circular microstrip patch antenna operating 
in dominant TMj,, mode. 


input resistance of a circular patch with an inset feed, which is usually a probe, can 
be written as 


Ji (kpo) 
J? (kae) 


Ri(p' = po) = Rn (p = ae) (14-82) 


; 1 
Rin (P = ae) = G, (14-82a) 
where G, is given by (14-79). This is analogous to (14-20a) for the rectangular patch. 
A MATLAB and FORTRAN computer program, designated as Microstrip, has 
been developed to design and compute the radiation characteristics of rectangular and 
circular microstrip patch antennas. The description of the program is found in the 
corresponding READ ME file included in the CD attached to the book. 


14.4 QUALITY FACTOR, BANDWIDTH, AND EFFICIENCY 


The quality factor, bandwidth, and efficiency are antenna figures-of-merit, which are 
interrelated, and there is no complete freedom to independently optimize each one. 
Therefore there is always a trade-off between them in arriving at an optimum antenna 
performance. Often, however, there is a desire to optimize one of them while reducing 
the performance of the other. 

The quality factor is a figure-of-merit that is representative of the antenna losses. 
Typically there are radiation, conduction (ohmic), dielectric and surface wave losses. 
Therefore the total quality factor Q, is influenced by all of these losses and is, in 
general, written as [16] 


Ene o eee (14-83) 
Q: Qa Qe Qa Qw 
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where 


Q, = total quality factor 

Qrag = quality factor due to radiation (space wave) losses 
Qc = quality factor due to conduction (ohmic) losses 
Q, = quality factor due to dielectric losses 

Q;, = quality factor due to surface waves 


For very thin substrates, the losses due to surface waves are very small and can be 
neglected. However, for thicker substrates they need to be taken into account [84]. 
These losses can also be eliminated by using cavities [50] and [51]. 

For very thin substrates (h «& Ao) of arbitrary shapes (including rectangular and 
circular), there are approximate formulas to represent the quality factors of the various 
losses [16], [85]. These can be expressed as 


QO. = hyn fuo (14-84) 
1 
= — 14-85 
Qa ans ( ) 
ey (14-86) 
rad — AG, /1 


where tan 6 is the loss tangent of the substrate material, o is the conductivity of the 
conductors associated with the patch and ground plane, G;// is the total conductance 
per unit length of the radiating aperture and 


Jf eraa 
[2n _ (14-86a) 


$ |E|? dl 
perimeter 


For a rectangular aperture operating in the dominant TMj,, mode 


(14-872) 


G,/l= a (14-87b) 


The Qaa as represented by (14-86) is inversely proportional to the height of the sub- 
strate, and for very thin substrates is usually the dominant factor. 

The fractional bandwidth of the antenna is inversely proportional to the Q, of the 
antenna, and it is defined by (11-36) or 


A 1 

LINE UE (14-88) 

"n 0 Qi 
However, (14-88) may not be as useful because it does not take into account impedance 
matching at the input terminals of the antenna. A more meaningful definition of the 
fractional bandwidth is over a band of frequencies where the VSWR at the input 
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terminals is equal to or less than a desired maximum value, assuming that the VSWR 
is unity at the design frequency. A modified form of (14-88) that takes into account 
the impedance matching is [16] 
Af | VSWR-1 
fo — Q,/VSWR 


In general it is proportional to the volume, which for a rectangular microstrip antenna 
at a constant resonant frequency can be expressed as 


(14-882) 


BW ~ volume = area - height = length - width - height 


1 1 1 

Je ve Ve Je (14-89) 
Therefore the bandwidth is inversely proportional to the square root of the dielectric 
constant of the substrate. A typical variation of the bandwidth for a microstrip antenna 
as a function of the normalized height of the substrate, for two different substrates, 
is shown in Figure 14.27. It is evident that the bandwidth increases as the substrate 
height increases. 

The radiation efficiency of an antenna is expressed by (2-90), and it is defined as the 
power radiated over the input power. It can also be expressed in terms of the quality 
factors, which for a microstrip antenna can be written as 


1/Qraa Q: 
cdsw = = 14-90 
di 1/Q, Qrad ; ) 


where Q; is given by (14-83). Typical variations of the efficiency as a function of the 
substrate height for a microstrip antenna, with two different substrates, are shown in 
Figure 14.27. 
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Figure 14.27 Efficiency and bandwidth versus substrate height at constant resonant frequency 
for rectangular microstrip patch for two different substrates. (source: D. M. Pozar, “Microstrip 
Antennas," Proc. IEEE, Vol. 80, No. 1, January 1992. © 1992 IEEE). 
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14.5 INPUT IMPEDANCE 


In the previous sections of this chapter, we derived approximate expressions for the 
resonant input resistance for both rectangular and circular microstrip antennas. Also, 
approximate expressions were stated which describe the variation of the resonant input 
resistance as a function of the inset-feed position, which can be used effectively 
to match the antenna element to the input transmission line. In general, the input 
impedance is complex and it includes both a resonant and a nonresonant part which is 
usually reactive. Both the real and imaginary parts of the impedance vary as a function 
of frequency, and a typical variation is shown in Figure 14.28. Ideally both the resis- 
tance and reactance exhibit symmetry about the resonant frequency, and the reactance 
at resonance is equal to the average of sum of its maximum value (which is positive) 
and its minimum value (which is negative). 

Typically the feed reactance is very small, compared to the resonant resistance, for 
very thin substrates. However, for thick elements the reactance may be significant and 
needs to be taken into account in impedance matching and in determining the resonant 
frequency of a loaded element [34]. The variations of the feed reactance as a function of 
position can be intuitively explained by considering the cavity model for a rectangular 
patch with its four side perfect magnetic conducting walls [34], [85]. As far as the 
impedance is concerned, the magnetic walls can be taken into account by introducing 
multiple images with current flow in the same direction as the actual feed. When the 
feed point is far away from one of the edges, the magnetic field associated with the 
images and that of the actual feed do not overlap strongly. Therefore the inductance 
associated with the magnetic energy density stored within a small testing volume near 
the feed will be primarily due to the current of the actual feed. However, when the 
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Figure 14.28 Typical variation of resistance and reactance of rectangular microstrip antenna 
versus frequency (Electromagnetics, Vol. 3, Nos. 3 and 4, p. 33, W. F. Richards, J. R. Zinecker, 
and R. D. Clark, Taylor & Francis, Washington, D.C. Reproduced by permission. All rights 
reserved). 
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feed is at one of the edges, the feed and one of the images, which accounts for the 
magnetic wall at that edge, coincide. Thus, the associated magnetic field stored energy 
of the equivalent circuit doubles while the respective stored magnetic energy density 
quadruples. However, because the volume in the testing region of the patch is only 
half from that when the feed was far removed from the edge, the net stored magnetic 
density is only double of that of the feed alone. Thus, the associated inductance and 
reactance, when the feed is at the edge, is twice that when the feed is far removed 
from the edge. When the feed is at a corner, there will be three images in the testing 
volume of the patch, in addition to the actual feed, to take into account the edges that 
form the corner. Using the same argument as above, the associated inductance and 
reactance for a feed at a corner is four times that when the feed is removed from an 
edge or a corner. Thus, the largest reactance (about a factor of four larger) is when the 
feed is at or near a corner while the smallest is when the feed is far removed from an 
edge or a corner. 

Although such an argument predicts the relative variations (trends) of the reactance 
as a function of position, they do predict very accurately the absolute values especially 
when the feed is at or very near an edge. In fact it overestimates the values for feeds 
right on the edge; the actual values predicted by the cavity model with perfect magnetic 
conducting walls are smaller [34]. A formula that has been suggested to approximate 
the feed reactance, which does not take into account any images, is 


nkh kd 
gus 2| SIF 14-91 
UTR (2) | xx 


where d is the diameter of the feed probe. More accurate predictions of the input 
impedance, based on full-wave models, have been made for circular patches where an 
attachment current mode is introduced to match the current distribution of the probe 
to that of the patch [74]. 


14.6 COUPLING 


The coupling between two or more microstrip antenna elements can be taken into 
account easily using full-wave analyses. However, it is more difficult to do using 
the transmission-line and cavity models, although successful attempts have been made 
using the transmission-line model [75] and the cavity model [76], [77]. It can be shown 
that coupling between two patches, as is coupling between two aperture or two wire 
antennas, is a function of the position of one element relative to the other. This has 
been demonstrated in Figure 4.20 for a vertical half-wavelength dipole above a ground 
plane and in Figure 4.30 for a horizontal half-wavelength dipole above a ground plane. 
From these two, the ground effects are more pronounced for the horizontal dipole. Also, 
mutual effects have been discussed in Chapter 8 for the three different arrangements of 
dipoles, as shown in Figure 8.20 whose side-by-side arrangement exhibits the largest 
variations of mutual impedance. 

For two rectangular microstrip patches the coupling for two side-by-side elements is 
a function of the relative alignment. When the elements are positioned collinearly along 
the E-plane, this arrangement is referred to as the E-plane, as shown in Figure 14.29(a); 
when the elements are positioned collinearly along the H-plane, this arrangement is 
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Figure 14.29 ŒE- and H-plane arrangements of microstrip patch antennas. 
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Figure 14.30 Measured and calculated mutual coupling between two coax-fed microstrip 
antennas, for both E-plane and H-plane coupling, (W = 10.57 cm, L = 6.55 cm, h = 0.1588 
cm, e, = 2.55, f, = 1,410 MHz). (source: D. M. Pozar, “Input Impedance and Mutual Cou- 
pling of Rectangular Microstrip Antennas," IEEE Trans. Antennas Propagat., Vol. AP-30, No. 
6, November 1982. O 1982 IEEE) 


referred to as the H-plane, as shown in Figure 14.29(b). For an edge-to-edge separation 
of s, the E-plane exhibits the smallest coupling isolation for very small spacing (typ- 
ically s < 0.1049) while the H-plane exhibits the smallest coupling for large spacing 
(typically s > 0.1049). The spacing at which one plane coupling overtakes the other 
one depends on the electrical properties and geometrical dimensions of the microstrip 
antenna. Typical variations are shown in Figure 14.30. 

In general, mutual coupling is primarily attributed to the fields that exist along 
the air-dielectric interface. The fields can be decomposed to space waves (with 1/p 
radial variations), higher order waves (with 1/p radial variations), surface waves (with 
1/p'/* radial variations), and leaky waves [with exp(—Ap)/p!/? radial variations] [23], 
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[86]. Because of the spherical radial variation, space (1/p) and higher order waves 
(1/0?) are most dominant for very small spacing while surface waves, because of their 
1/p'/? radial variations are dominant for large separations. Surface waves exist and 
propagate within the dielectric, and their excitation is a function of the thickness of the 
substrate [79]. In a given direction, the lowest order (dominant) surface wave mode 
is TM(odd) with zero cutoff frequency followed by a TE(even), and alternatively by 
TM(odd) and TE(even) modes. For a rectangular microstrip patch, the fields are TM 
in a direction of propagation along the E-plane and TE in a direction of propagation 
along the H-plane. Since for the E-plane arrangement of Figure 14.29(a) the elements 
are placed collinearly along the E-plane where the fields in the space between the 
elements are primarily TM, there is a stronger surface wave excitation (based on 
a single dominant surface wave mode) between the elements, and the coupling is 
larger. However for the H-plane arrangement of Figure 14.29(b), the fields in the 
space between the elements are primarily TE and there is not a strong dominant mode 
surface wave excitation; therefore there is less coupling between the elements. This 
does change as the thickness of the substrate increases which allows higher order TE 
surface wave excitation. 

The mutual conductance between two rectangular microstrip patches has also been 
found using the basic definition of conductance given by (14-18), the far fields based 
on the cavity model, and the array theory of Chapter 6. For the E-plane arrangement 
of Figure 14.29(a) and for the odd mode field distribution beneath the patch, which is 
representative of the dominant mode, the mutual conductance is [8] 


2 
woe) COS e) Y 

WE sin? 0 {2 (zar sino ) 
cos 0 Ào 


Y+L ; Y— 
+ Jo 2x sin | + Jo 
Ào 0 


L 
27 sin 0) | do (14-92) 


where Y is the center-to-center separation between the slots and Jo is the Bessel 
function of the first kind of order zero. The first term in (14-92) represents the mutual 
conductance of two slots separated by a distance X along the E-plane while the second 
and third terms represent, respectively, the conductances of two slots separated along 
the E-plane by distances Y + L and Y — L. Typical normalized results are shown by 
the solid curve in Figure 14.31. 

For the H-plane arrangement of Figure 14.29(b) and for the odd mode field distri- 
bution beneath the patch, which is representative of the dominant mode, the mutual 
conductance is [8] 


Sf oW ? 
> [gr sin 357 cos 0 | a Z 
Gr = —— | sin’ 0cos 


— 2x cos 0 
0 cos 0 | À 


0 
L 

: {! + Jo (+ sine) | dé (14-93) 
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Figure 14.31  E- and H-plane mutual conductance versus patch separation for rectangular 
microstrip patch antennas (W = 1.186 cm, L = 0.906 cm, e, = 2.2, ào = 3 cm). 


where Z is the center-to-center separation between the slots and Jo is the Bessel 
function of the first kind of order zero. The first term in (14-93) represents twice the 
mutual conductance of two slots separated along the H-plane by a distance Z while the 
second term represents twice the conductance between two slots separated along the 
E-plane by a distance L and along the H-plane by a distance Z. Typical normalized 
results are shown by the dashed curve in Figure 14.31. By comparing the results of 
Figure 14.31 it is clear that the mutual conductance for the H-plane arrangement, as 
expected, decreases with distance faster than that of the E-plane. Also it is observed 
that the mutual conductance for the E-plane arrangement is higher for wider elements 
while it is lower for wider elements for the H-plane arrangement. 


14.7 CIRCULAR POLARIZATION 


The patch elements that we discussed so far, both the rectangular and the circular, 
radiate primarily linearly polarized waves if conventional feeds are used with no mod- 
ifications. However, circular and elliptical polarizations can be obtained using various 
feed arrangements or slight modifications made to the elements. We will discuss here 
some of these arrangements. 

Circular polarization can be obtained if two orthogonal modes are excited with a 
90* time-phase difference between them. This can be accomplished by adjusting the 
physical dimensions of the patch and using either single, or two, or more feeds. There 
have been some suggestions made and reported in the literature using single patches. 
For a square patch element, the easiest way to excite ideally circular polarization is 
to feed the element at two adjacent edges, as shown in Figures 14.32(a,b), to excite 
the two orthogonal modes; the TMj,, with the feed at one edge and the TMj,, with 
the feed at the other edge. The quadrature phase difference is obtained by feeding the 
element with a 90^ power divider or 90^ hybrid. Examples of arrays of linear elements 
that generate circular polarization are discussed in [87]. 
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(d) Circular patch feed arrangements for TM;,, and higher order modes 


Figure 14.32 Rectangular and circular patch arrangements for circular polarization. (source: J. 
Huang, “Circularly Polarized Conical Patterns from Circular Microstrip Antennas," IEEE Trans. 
Antennas Propagat., Vol. AP-32, No. 9, Sept. 1984. O 1984 IEEE) 


For a circular patch, circular polarization for the TMf,, mode is achieved by using 
two feeds with proper angular separation. An example is shown in Figure 14.32(c) 
using two coax feeds separated by 90^ which generate fields that are orthogonal to 
each other under the patch, as well as outside the patch. Also with this two-probe 
arrangement, each probe is always positioned at a point where the field generated 
by the other probe exhibits a null; therefore there is very little mutual coupling 
between the two probes. To achieve circular polarization, it is also required that the 
two feeds are fed in such a manner that there is 90^ time-phase difference between 
the fields of the two; this is achieved through the use of a 90^ hybrid, as shown in 
Figure 14.32(c). The shorting pin is placed at the center of the patch to ground the 
patch to the ground plane which is not necessary for circular polarization but is used 
to suppress modes with no $ variations and also may improve the quality of circular 
polarization. 
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TABLE 14.1 Feed Probe Angular Spacing of Different Modes for Circular Polarization 
(after [88]) 


TMi10 TM210 TM310 TMa10 TMs10 TMe10 


45° 30° 22.5° 18°, 54° 15°, 45° 
a 90° or or or or or 


135° 90° 67.5° 90° 75? 


For higher order modes, the spacing between the two feeds to achieve circular polar- 
ization 1s different. This 1s illustrated in Figure 14.32(d) and tabulated in Table 14.1, 
for the TM{,) [same as in Figure 14.32(c)], TM5,), TM$,), and TM;,, modes [88]. 
However to preserve symmetry and minimize cross polarization, especially for rela- 
tively thick substrates, two additional feed probes located diametrically opposite of the 
original poles are usually recommended. The additional probes are used to suppress 
the neighboring (adjacent) modes which usually have the next highest magnitudes [88]. 
For the even modes (TM3,;, and TM), the four feed probes should have phases of 
0^, 907, 0° and 90° while the odd modes (TM;j,, and TM§,,) should have phases of 
0°, 90°, 180° and 270°, as shown in Figure 14.32(d) [88]. 

To overcome the complexities inherent in dual-feed arrangements, circular polariza- 
tion can also be achieved with a single feed. One way to accomplish this is to feed the 
patch at a single point to excite two orthogonal degenerate modes (of some resonant 
frequency) of ideally equal amplitudes. By introducing then a proper asymmetry in 
the cavity, the degeneracy can be removed with one mode increasing with frequency 
while the orthogonal mode will be decreasing with frequency by the same amount. 
Since the two modes will have slightly different frequencies, by proper design the field 
of one mode can lead by 45° while that of the other can lag by 45° resulting in a 
90° phase difference necessary for circular polarization [16]. To achieve this, several 
arrangements have been suggested. 

To illustrate the procedure, let us consider a square patch, as shown in Figure 14.33(a) 
[34]. Initially assume that the dimensions L and W are nearly the same such that the 
resonant frequencies of the TM},, and TMj,, overlap significantly. In the broadside 
direction to the patch, the TM} jọ mode produces an electric far-field E, which is linearly 
polarized in the y direction while the TM$,, mode produces an electric far-field E; which 
is linearly polarized in the z direction. These fields can be expressed as 


(rr) 
E,— NL PN (14-042) 
E — j/Q) — (ky)? 
"ONE 
-= 2 al) (14-94b) 
" E-j/Q)- (y 
ky = - (14-94c) 
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eL W 1 


862 MICROSTRIP ANTENNAS 


Z Nearly 


square patch 


(a) Nearly square patch 


< 


—— 
» 


| | 
/ N 
P4 Dv 
/ = 
/ N 
A ‘N S 
; L L 
(oA "reo 
Ø Feed Feed SJ 
P d point point e 
CY ite EN YT yz 
l— ———— W — — —- [«—— ———— W —______+| 
(b) Left-hand circular (LHC) (c) Right-hand circular (RHC) 


Figure 14.33 Single-feed arrangements for circular polarization of rectangular microstrip 
patches. 


where c (a proportionality constant) and Q, (Q, = 1/tanó,5) are identical in the 
broadside direction for both polarizations. If the feed point (y’, z’) is selected along 
the diagonal so that 


ME d (14-95) 


then the axial ratio at broadside of the E, to the E; field can be expressed as 


E; 7 k(1 — j/2Q:) = k; 


(14-96) 


To achieve circular polarization, the magnitude of the axial ratio must be unity while 
the phase must be +90°. This is achieved when the two phasors representing the 
numerator and denominator are of equal magnitude and 90° out of phase. This can 
occur when [34] i 
ky — k, = — 
Q; 
and the operating frequency is selected at the midpoint between the resonant frequencies 
of the TMy,, and TMo; modes. The condition of (14-97) is satisfied when 


(14-97) 


1 
L=W{|1+— 14-98 
( 2) } 
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Based on (14-98) the resonant frequencies fı and f2 of the bandwidth of (14-88a) 
associated with the two lengths L and W of a rectangular microstrip are [89] 


EE: 
tes 


fo = fay 1+ 1/0; (14-99b) 


where fo is the center frequency. 

Feeding the element along the diagonal starting at the lower left corner toward the 
upper right corner, shown dashed in Figure 14.33(b), yields ideally left-hand circular 
polarization at broadside. Right-hand circular polarization can be achieved by feeding 
along the opposite diagonal, which starts at the lower right corner and proceeds toward 
the upper left corner, shown dashed in Figure 14.33(c). Instead of moving the feed point 
each time to change the modes in order to change the type of circular polarization, 
varactor diodes can be used to adjust the capacitance and bias, which effectively shifts 
by electrical means the apparent physical location of the feed point. 

This type of a feed to achieve circular polarization at broadside has been shown 
experimentally to extend to a larger angular region [18]. However, the bandwidth 
over which circular polarization is maintained, even at broadside, is very narrow. An 
empirical formula of the percent bandwidth is [34] 


(14-99a) 


AR 
BW (percent) ~ Hos (14-100) 


t 


where the axial ratio is specified in dB. The design formulas of (14-98) and (14-100) 
yield good results for Q values as low as 10. Better designs are achieved for values 
of Q much greater than 10. 

Circular polarization can also be achieved by feeding the element off the main 
diagonals. This can be accomplished if the dimensions of the rectangular patch are 
related by 


Lew lit A (14-101) 


where 


(14-101a) 


There are some other practical ways of achieving nearly circular polarization. For 
a square patch, this can be accomplished by cutting very thin slots as shown in 
Figures 14.34(a,b) with dimensions 


(14-102a) 


(14-102b) 
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Figure 14.34 Circular polarization for square patch with thin slots on patch (c — W/2.72 — 
L/2.72, d = c/10 = W/27.2 = L/27.2). 
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Figure 14.35 Circular polarization by trimming opposite corners of a square patch and by 
making circular patch slightly elliptical and adding tabs. 


An alternative way is to trim the ends of two opposite corners of a square patch and 
feed at points 1 or 3, as shown in Figure 14.35(a). Circular polarization can also be 
achieved with a circular patch by making it slightly elliptical or by adding tabs, as 
shown in Figure 14.35(b). 


Example 14.5 


The fractional bandwidth at a center frequency of 10 GHz of a rectangular patch antenna 
whose substrate is RT/duroid 5880 (e, = 2.2) with height h = 0.1588 cm is about 5% for 
a VSWR of 2:1. Within that bandwidth, find resonant frequencies associated with the two 
lengths of the rectangular patch antenna, and the relative ratio of the two lengths. 

Solution: The total quality factor Q, of the patch antenna is found using (14-882) or 


1 
« 0.0542 


Q, — 14.14 
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Using (14-99a) and (14-99b) 


10 x 10° 
5 Seen 


J1+ 1/14.14 
fo = 10 x 10°,/1 + 1/14.14 = 10.348 GHz 


The relative ratio of the two lengths according to (14-98) is 


L 1 1 
= ee O), 
W Q, 14.14 


which makes the patch nearly square. 


14.8 ARRAYS AND FEED NETWORKS 


Microstrip antennas are used not only as single elements but are very popular in 
arrays [17], [23], [30], [31], [50], [51], [54], [63]-[65]. and [74]-[77]. As discussed 
in Chapter 6, arrays are very versatile and are used, among other things, to synthesize 
a required pattern that cannot be achieved with a single element. In addition, they 
are used to scan the beam of an antenna system, increase the directivity, and perform 
various other functions which would be difficult with any one single element. The 
elements can be fed by a single line, as shown in Figure 14.36(a), or by multiple lines 
in a feed network arrangement, as shown in Figure 14.36(b). The first is referred to as 
a series-feed network while the second is referred to as a corporate-feed network. 

The corporate-feed network is used to provide power splits of 2" (i.e., n = 2, 4, 
8, 16, 32, etc.). This is accomplished by using either tapered lines, as shown in 
Figure 14.37(a), to match 100-ohm patch elements to a 50-ohm input or using quarter- 
wavelength impedance transformers, as shown in Figure 14.37(b) [3]. The design of 
single- and multiple-section quarter-wavelength impedance transformers is discussed 
in Section 9.7. 

Series-fed arrays can be conveniently fabricated using photolithography for both the 
radiating elements and the feed network. However, this technique is limited to arrays 
with a fixed beam or those which are scanned by varying the frequency, but it can be 
applied to linear and planar arrays with single or dual polarization. Also any changes 
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Figure 14.36 Feed arrangements for microstrip patch arrays. 
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Figure 14.37 Tapered and 4/4 impedance transformer lines to match 100-ohm patches to a 
50-ohm line. (source: R. E. Munson, “Conformal Microstrip Antennas and Microstrip Phased 
Arrays," IEEE Trans. Antennas Propagat., Vol. AP-22, No. 1, January 1974. O 1974 IEEE) 


in one of the elements or feed lines affects the performance of the others. Therefore 
in a design it is important to be able to take into account these and other effects, such 
as mutual coupling, and internal reflections. 

Corporate-fed arrays are general and versatile. With this method the designer has 
more control of the feed of each element (amplitude and phase) and it is ideal for 
scanning phased arrays, multibeam arrays, or shaped-beam arrays. As discussed in 
Chapter 6, the phase of each element can be controlled using phase shifters while the 
amplitude can be adjusted using either amplifiers or attenuators. An electronically- 
steered phased array (ATDRSS) of 10 x 10 rectangular microstrip elements, operating 
in the 2-2.3 GHz frequency range and used for space-to-space communications, is 
shown in Figure 14.38. 

Those who have been designing and testing microstrip arrays indicate that radiation 
from the feed line, using either a series or corporate-feed network, is a serious problem 
that limits the cross-polarization and side lobe level of the arrays [38]. Both cross- 
polarization and side lobe levels can be improved by isolating the feed network from 
the radiating face of the array. This can be accomplished using either probe feeds or 
aperture coupling. 

Arrays can be analyzed using the theory of Chapter 6. However, such an approach 
does not take into account mutual coupling effects, which for microstrip patches can be 
significant. Therefore for more accurate results, full-wave solutions must be performed. 
In microstrip arrays [63], as in any other array [90], mutual coupling between elements 
can introduce scan blindness which limits, for a certain maximum reflection coefficient, 
the angular volume over which the arrays can be scanned. For microstrip antennas, 
this scan limitation is strongly influenced by surface waves within the substrate. This 
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Figure 14.38 Antenna array of 10 x 10 rectangular microstrip patches, 2—2.3 GHz, for 
space-to-space communications. (Courtesy: Ball Aerospace & Technologies Corp.) 


scan angular volume can be extended by eliminating surface waves. One way to do 
this is to use cavities in conjunction with microstrip elements [50], [51]. Figure 14.39 
shows an array of circular patches backed by either circular or rectangular cavities. 
It has been shown that the presence of cavities, either circular or rectangular, can 
have a pronounced enhancement in the E-plane scan volume, especially for thicker 
substrates [51]. The H-plane scan volume is not strongly enhanced. However the shape 
of the cavity, circular or rectangular, does not strongly influence the results. Typical 
results for broadside-matched reflection coefficient infinite array of circular patches, 
with a substrate 0.08A9 thick and backed by circular and rectangular cavities, are 
shown in Figure 14.40 for the E-plane and H-plane. The broadside-matched reflection 
coefficient T (8, $) is defined as 

ro, g) = Zin, 9) = Zin(0, 0) tios 

Zin (0, p) + Z7, (0, 0) 

where Zin (0, $) is the input impedance when the main beam is scanned toward an angle 
(0, $). The results are compared with those of a conventional cavity (noncavity backed). 
It is apparent that there is a significant scan enhancement for the E-plane, especially 
for a VSWR of about 2:1. H-plane enhancement occurs for reflection coefficients 
greater than about 0.60. For the conventional array, the E-plane response exhibits a 
large reflection coefficient, which approaches unity, near a scan angle of 6) = 72.5°. 
This is evidence of scan blindness which ideally occurs when the reflection coefficient 
is unity, and it is attributed to the coupling between the array elements due to leaky 
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Figure 14.39 Array of circular patches backed by circular cavities. (Courtesy J. T. Aberle and 
F. Zavosh) 
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Figure 14.40 E- and H-plane broadside-matched input reflection coefficient versus scan angle 
for infinite array of circular microstrip patches with and without cavities. (Courtesy J. T. Aberle 
and F. Zavosh) 


waves [63]. Scan blindness occurs for both the E- and H-planes at grazing incidence 
(09 = 90°). 

A summary of the pertinent parameters, and associated formulas and equation num- 
bers for this chapter are listed in Table 14.2. 
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TABLE 14.2 Summary of Important Parameters and Associated Formulas and 
Equation Numbers 


Formula Equation Number 
Lo od Transmission-Line Model-Rectangular Patch HERE 


Effective dielectric 
constant ye h (14-1) 


Effective length 
Ley (14-3) 
Normalized 
extension length T (Erp + 0.3) B 3b 0.264 (14-2) 
AL/h <= =o 
(Erf — 0.258) B + os| 
Resonant 1 
frequency, (foo = ————— (14-4) 
dominant mode 2L A6, Jobo 
(L > W) 
(no fringing) 


Resonant 

frequency; Cfrc)o10 = — (14-5) 

dominant mode Leff JE reff Hobo 

(L > W) 

(with fringing) 

Slot conductance i 

Gi OPERA [gear (14-82) 
120A, a GT. 

Slot susceptance i 

Bi = ppl 7 0.636 1n(koh)], (14-8b) 


Input slot 
resistance Rin = (14-16) 
(at resonance; 
no coupling) 
Input slot 
resistance Rin Rin = (14-17) 
(at resonance; 2(G, X Gn) 
with coupling) + for modes with odd symmetry 
— for modes with even symmetry 


Input resistance x 
Ray = Yo) Rin( = Yo) = Rn (y = 0) c08? (Z yo) (14-20a) 


(no coupling) 
1 "ALI 
= > C08 (=y) 
2G, L 


(continued overleaf ) 


870 MICROSTRIP ANTENNAS 


TABLE 14.2 (continued) 
Input resistance 


Rin(y = Yo) 
(with coupling) 


a Cavity Model-Rectangular Patch 


Resonant 
frequency (.f7c)o10; 
dominant mode 

(L > W) (no 
fringing) 


Resonant 
frequency ( f.)oio; 
dominant mode 
(L > W) 

(with fringing) 


Resonant 
frequency (f;)oo1; 
dominant mode 
(L>W> 

L/2 >h) 

(no fringing) 


Resonant 


frequency (f;)o20; 
dominant mode 
(L > L/2 >h); 
(no fringing) 


Total electric field 
E, 


Array factor (AF), 


Directivity D, 
(single slot) 


Directivity D, 
(two slots) 


T 
Rin = Yo) = Rin(y = 0) cos? (Fy) 


-XG E 


1 
( re) = 
Ireo 2L E+ /MoEo 


1 


(foo = z7——————— 
2L JJ Ereff / LoEo 


1 


(fr)oo1 = WIR ugs 


1 


(fr)o20 = Le, f loeo 


E = Es (single slot) x AF 


koLe & . 
(AF), = 2cos 2 sin 8 sing 


3.3 (dimensionless) = 5.2dB; 


W «& A, 


W > ào 


(14-33) 


(14-40a)— 
(14-41), (14-43) 
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TABLE 14.2 (continued) 


Resonant 


frequency (f,)1103 
dominant mode 


T Miio mode; 
(no fringing) 


Resonant 


frequency (frc)1103 
dominant mode 


T Miio mode; 
(with fringing) 


Effective radius a, 


Physical radius a 


Directivity D, 


Radiation 
conductance Grad 


Input resistance 
Rin (o' = Po) 


1.8412 


Cfi)iio = aS SE, TM 


1.8412 


Cfrc)io = 271a, fE, [Moko 


1/2 
= 1.7726] 
h ) | 


Cb 3h F ar 317 
— — 1.7726 
x) 


8.791 x 10? , 
F = ———;_ (hin cm) 


Uu 


E a 


Gra = dm [C45 + cos? 0 (Joz)7] sin 6 dO 


Jig = Jo (koae Sin 9) — Jn(kode sin 0) 
Jn = Jo (kode sin 0) zd Jy (kode sin@) 


Ji (kpo) 


R; = o) = Ri, "= ae 
in(P = Po) 10 ) tad 


1 
Rin (p = ae) = G 
t 


G, = Grad E Ge E Ga 
£mo7t (I Mo fr)? 
ENT 

mo t ô 
Ga = 9 [ay — m?] 


4uohf, 
where for mnO mode (m = n = 1 for dominant mode) 


Ge [(kae)? — m?] 


Emo = 2 for m = 0 


Emo = 1 for m £0 


(14-66) 


(14-69) 


(14-69a) 


(14-76) 


(14-724) 
(14-72e) 


(14-82) 


(14-82a) 
(14-79) 


(14-77) 


(14-78) 


(continued overleaf ) 
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TABLE 14.2 (continued) 


Total quality factor 
Q, d ese ge pa (14-83) 
Qi Qaa Qe Qs 


For h & A, 


Q.- MWzfuG: Q= (14-84), (14-85) 


tan ô 


f en 


— lama 000 (14-86), (14-862) 


f |El dl 
perimeter 
Fractional 


A A VSWR — 1 
bandwidth Af ta LM, (14-88a) 
fo fo O;/VSWR 


14.9 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 

b. Matlab and Fortran computer program, designated Microstrip, for computing 
and displaying the radiation characteristics of rectangular and circular microstrip 
antennas. 


c. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 

14.1. A microstrip line is used as a feed line to a microstrip patch. The substrate of 


the line is alumina (e, — 10) while the dimensions of the line are w/h = 1.2 
and t/h — 0. Determine the effective dielectric constant and characteristic 


14.2. 


14.3. 


14.4. 


14.5. 


14.6. 
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impedance of the line. Compare the computed characteristic impedance to 
that of a 50-ohm line. 


A microstrip transmission line of beryllium oxide (e, — 6.8) has a width- 
to-height ratio of w/h = 1.5. Assuming that the thickness-to-height ratio is 
t/h = 0, determine: 

(a) effective dielectric constant 

(b) characteristic impedance of the line 


A microstrip line, which is open at one end and extends to infinity toward the 
other end, has a center conductor width = 0.4A,, substrate height of 0.05A,, 
and it is operating at /0 GHz. The dielectric constant of the substrate is 2.25. 
This type of microstrip line is used to construct rectangular patch antennas. 
Determine the following: 


(a) The input admittance (real and imaginary parts) of the microstrip line at 
the leading open edge. /s it capacitive or inductive? 


(b) What kind of a lumped element (capacitor or inductor) can be placed at the 
leading open edge between the center conductor of the line and its ground 
plane to resonate the admittance? What is the value of the lumped element? 

(c) The new input impedance, taking into account the presence of the lumped 
element. 


Design a rectangular microstrip antenna so that it will resonate at 2 GHz. 
The idealistic lossless substrate (RT/Duroid 6010.2) has a dielectric constant 
of 10.2 and a height of 0.05 in. (0.127 cm). 

(a) Determine the pAysical dimensions (width and length) of the patch 
(in cm). 

(b) Approximate range of lengths (in cm) between the two radiating slots of 
the rectangular patch, if we want the input impedance (taking into account 
both radiating slots) to be real. 

(c) What is the real input impedance of Part b? Neglect coupling. 


(d) Location (in cm from the leading radiating slot) of a coaxial feed so that 
the total input impedance is 150 ohms. 


Design a rectangular microstrip antenna to resonate at 9 GHz using a substrate 
with a dielectric constant of 2.56. Determine the following: 


(a) Directivity of a single radiating slot (dimensionless and in dB). Use the 
cavity model. 


(b) Approximate directivity of the entire patch (dimensions and in dB). Use 
the cavity model and neglect coupling between the two slots. 


A rectangular microstrip antenna was designed, without taking into account 
fringing effects from any of the four edges of the patch, to operate at a 
center frequency of 4.6 GHz. The width of the patch was chosen to be 
W = 1.6046 cm and the substrate had a height of 0.45 cm and a dielectric 
constant of 6.8. However, when the patch was tested, it was found to resonate 
at a frequency of 4.046 GHz! 


(a) Find the physical length L of the patch (in cm). 
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(b) Why did the patch resonate at 4.046 GHz, instead of the designed fre- 
quency of 4.6 GHz? Verify the new resonant frequency. Must justify 
your answer mathematically. Show that the measured resonant frequency 
is correct. 


Cellular and mobile telephony, using earth-based repeaters, has received wide 

acceptance and has become an essential means of communication for busi- 

ness, even for the household. Cellular telephony by satellites is the wave of 

the future and communication systems are being designed for that purpose. 

The present allocated frequency band for satellites is at L-band (— 1.6 GHz). 

Various antennas are being examined for that purpose; one candidate is the 

microstrip patch antenna. Design a rectangular microstrip patch antenna, based 

on the dominant mode, that can be mounted on the roof of a car to be used 

for satellite cellular telephone. The designed center frequency is 1.6 GHz, the 

dielectric constant of the substrate is 10.2 (1.e., RT/duroid), and the thickness 

of the substrate is 0.127 cm. Determine the 

(a) dimensions of the rectangular patch (in cm) 

(b) resonant input impedance, assuming no coupling between the two radiat- 
ing slots 

(c) mutual conductance between the two radiating slots of the patch 

(d) resonant input impedance, taking into account coupling 

(e) position of the feed to match the patch antenna to a 75-ohm line 


Repeat the design of Problem 14.7 using a substrate with a dielectric constant 
of 2.2 (i.e., RT/duroid 5880) and with a height of 0.1575 cm. Are the new 
dimensions of the patch realistic for the roof of a personal car? 


Design a rectangular microstrip patch with dimensions W and L, over a sin- 
gle substrate, whose center frequency is 10 GHz. The dielectric constant of 
the substrate is 10.2 and the height of the substrate 1s 0.127 cm (0.050 in.). 
Determine the physical dimensions W and L (in cm) of the patch, taking into 
account field fringing. 


Using the transmission-line model of Figure 14.9(b), derive (14-14)- (14-15). 


To take into account coupling between the two radiating slots of a rectangu- 
lar microstrip patch, the resonant input resistance is represented by (14-17). 
Justify, explain, and/or show why the plus (+) sign is used for modes with 
odd (antisymmetric) resonant voltage distributions beneath the patch while 
the minus (—) sign is used for modes with even (symmetric) resonant voltage 
distributions. 


Show that for typical rectangular microstrip patches G,/ Y, « 1 and B,/Y. « 
1 so that (14-20) reduces to (14-202). 


A rectangular microstrip patch antenna is operating at 10 GHz with e, — 

10.2 and dimensions of length L = 0.4097 cm, width W = 0.634 cm, and 

substrate height h = 0.127 cm. It is desired to feed the patch using a probe 

feed. Neglecting mutual coupling, calculate: 

(a) What is the input impedance of the patch at one of the radiating edges 
based on the transmission-line model? 


14.14. 


14.15. 


14.16. 


14.17. 


14.18. 
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(b) At what distance yo (in cm) from one of the radiating edges should the 
coax feed be placed so that the input impedance is 50 ohms? 


A rectangular microstrip patch antenna, whose input impedance is 152.44 ohms 
at its leading radiating edge, is fed by a microstrip line as shown in Figure 14.11. 
Assuming the width of the feeding line is Wo — 0.2984 cm, the height of the 
substrate is 0.1575 cm and the dielectric constant of the substrate is 2.2, at what 
distance yo should the microstrip patch antenna be fed so as to have a perfect 
match between the line and the radiating element? The overall microstrip patch 
element length is 0.9068 cm. 


The rectangular microstrip patch of Example 14.2 is fed by a microstrip trans- 
mission line of Figure 14.5. In order to reduce reflections at the inset feed point 
between the line and the patch element, design the microstrip line so that its 
characteristic impedance matches that of the radiating element. 


Repeat the design of Example 14.2 so that the input impedance of the radiating 
patch at the feed point is: 


(a) 75 ohms 
(b) 100 ohms 


Then, assuming the feed line is a microstrip line, determine the dimensions of 
the line so that its characteristic impedance matches that of the radiating patch. 


A rectangular microstrip patch antenna has dimensions of L — 0.906 cm, W — 
1.186 cm, and h = 0.1575 cm. The dielectric constant of the substrate is e, = 
2.2. Using the geometry of Figure 14.13 and assuming no fringing, determine 
the resonant frequency of the first 4 TM“onp modes, in order of ascending 
resonant frequency. 


Derive the TM“ mnp field configurations (modes) for the rectangular microstrip 
patch based on the geometry of Figure P14.18. Determine the: 


(a) eigenvalues 

(b) resonant frequency (f-)mnp for the mnp mode. 
(c) dominant mode if L> W >h 

(d) resonant frequency of the dominant mode. 


y P14.18 


Repeat Problem 14.18 for the TM", modes based on the geometry of 
Figure P14.19. 
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w—y 


z 


Derive the array factor of (14-42). 

Assuming the coordinate system for the rectangular microstrip patch is that of 
Problem 14.18 (Figure P14.18), derive based on the cavity model the 

(a) far-zone electric field radiated by one of the radiating slots of the patch 
(b) array factor for the two radiating slots of the patch 

(c) far-zone total electric field radiated by both of the radiating slots 


Repeat Problem 14.21 for the rectangular patch geometry of Problem 14.19 
(Figure P14.19). 


Determine the directivity (in dB) of the rectangular microstrip patch of 
Example 14.3 using 

(a) Kraus' approximate formula 

(b) Tai & Pereira's approximate formula 


Derive the directivity (in dB) of the rectangular microstrip patch of Prob- 
lem 14.7. 


Derive the directivity (in dB) of the rectangular microstrip patch of Prob- 
lem 14.8. 


For a circular microstrip patch antenna operating in the dominant TM^ o 
mode, derive the far-zone electric fields radiated by the patch based on the 
cavity model. 


Using the cavity model, derive the TM” nnp resonant frequencies for a micro- 
strip patch whose shape is that of a half of a circular patch (semicircle). 


Repeat Problem 14.27 for a 90° circular disc (angular sector of 90°) microstrip 
patch. 


Repeat Problem 14.27 for the circular sector microstrip patch antenna whose 
geometry is shown in Figure P14.29. 


Top view Side view 
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14.30. Repeat Problem 14.27 for the annular microstrip patch antenna whose geom- 
etry is shown in Figure P14.30. 


Top view 


> x 


Side view 


14.31. Repeat Problem 14.27 for the annular sector microstrip patch antenna whose 
geometry is shown in Figure P14.31. 


Top view 


» X 


Side view e a 


y 1 


14.32. Repeat the design of Problem 14.7 for a circular microstrip patch antenna oper- 
ating in the dominant TM^,,y mode. Use o = 107 S/m and tan ó = 0.0018. 


14.33. Repeat the design of Problem 14.8 for a circular microstrip patch antenna oper- 
ating in the dominant TM^,;9 mode. Use o = 10’ S/m and tan ô = 0.0018. 


14.34. For ground-based cellular telephony, the desired pattern coverage is omnidi- 
rectional and similar to that of a monopole (with a null toward zenith, 0 — 0?). 
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This can be accomplished using a circular microstrip patch antenna operating 
in a higher order mode, such as the TM“ ,9. Assuming the desired resonant 
frequency is 900 MHz, design a circular microstrip patch antenna operating 
in the TM 19 mode. Assuming a substrate with a dielectric constant of 10.2 
and a height of 0.127 cm: 

(a) Derive an expression for the resonant frequency of the TM2>19 mode; 

(b) Determine the radius of the circular patch (in cm). Neglect fringing. 


For ground-based cellular telephony, the desired pattern coverage is omnidi- 

rectional and similar to that of a monopole (with a null toward zenith). This 

can be accomplished using circular microstrip patch antennas operating in 

higher order modes, such as the TM“), TM319, TM^41o, etc. Assuming that 

the desired resonant frequency is 900 MHz, design a circular microstrip patch 

antenna operating in the TM“ 1) mode. Assuming a substrate with a dielectric 

constant of 10.2 and a height of 0.127 cm: 

(a) Derive an expression for the resonant frequency. 

(b) Determine the radius of the circular patch. Neglect fringing. 

(c) Derive expressions for the far-zone radiated fields. 

(d) Plot the normalized E- and H-plane amplitude patterns (in dB). 

(e) Plot the normalized azimuthal (x-y plane) amplitude pattern (in dB). 

(f) Determine the directivity (in dB) using the DIRECTIVITY computer pro- 
gram of Chapter 2. 


Repeat Problem 14.35 for the TM^4;9 mode. 
Repeat Problem 14.35 for the TM%419 mode. 


The diameter of a typical probe feed for a microstrip patch antenna is d — 
0.1 cm. At f = 10 GHz, determine the feed reactance assuming a substrate 
with a dielectric constant of 2.2 and height of 0.1575 cm. 


Determine the impedance of a single-section quarter-wavelength impedance 
transformer to match a 100-ohm patch element to a 50-ohm microstrip line. 
Determine the dimensions of the line assuming a substrate with a dielectric 
constant of 2.2 and a height of 0.1575 cm. 


Repeat the design of Problem 14.39 using a two-section binomial transformer. 
Determine the dimensions of each section of the transformer. 


Repeat the design of Problem 14.39 using a two-section Tschebyscheff trans- 
former. Determine the dimensions of each section of the transformer. 
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Reflector Antennas 


15.1 INTRODUCTION 


Reflector antennas, in one form or another, have been in use since the discovery of 
electromagnetic wave propagation in 1888 by Hertz. However the fine art of analyzing 
and designing reflectors of many various geometrical shapes did not forge ahead until 
the days of World War II when numerous radar applications evolved. Subsequent 
demands of reflectors for use in radio astronomy, microwave communication, and 
satellite tracking resulted in spectacular progress in the development of sophisticated 
analytical and experimental techniques in shaping the reflector surfaces and optimizing 
illumination over their apertures so as to maximize the gain. The use of reflector 
antennas for deep-space communication, such as in the space program and especially 
their deployment on the surface of the moon, resulted in establishing the reflector 
antenna almost as a household word during the 1960s. Although reflector antennas 
take many geometrical configurations, some of the most popular shapes are the plane, 
corner, and curved reflectors (especially the paraboloid), as shown in Figure 15.1, 
each of which will be discussed in this chapter. Many articles on various phases of 
the analysis and design of curved reflectors have been published and some of the most 
referenced can be found in a book of reprinted papers [1]. 


15.2 PLANE REFLECTOR 


The simplest type of reflector is a plane reflector introduced to direct energy in a desired 
direction. The arrangement is that shown in Figure 15.1(a) which has been extensively 
analyzed in Section 4.7 when the radiating source is a vertical or horizontal linear ele- 
ment. It has been clearly demonstrated that the polarization of the radiating source and 
its position relative to the reflecting surface can be used to control the radiating proper- 
ties (pattern, impedance, directivity) of the overall system. Image theory has been used 
to analyze the radiating characteristics of such a system. Although the infinite dimen- 
sions of the plane reflector are idealized, the results can be used as approximations 
for electrically large surfaces. The perturbations introduced by keeping the dimensions 
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Reflector Feed 


(a) Plane 


Reflector 


Feed 


(b) Corner 


Reflector Main 
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(parabola) Subreflector 
(hyperbola) 
- 
Parabola 
Vertex — mn Feed : Feed e focal Blockage 
(focal point) A 
point 
- 
—————— 


(c) Curved (front-fed) (d) Curved (Cassegrain feed) 


Figure 15.1 Geometrical configuration for some reflector systems. 


finite can be accounted for by using special methods such as the Geometrical Theory 
of Diffraction [2]-[5] which was introduced in Section 12.10. 


15.3 CORNER REFLECTOR 


To better collimate the energy in the forward direction, the geometrical shape of the 
plane reflector itself must be changed so as to prohibit radiation in the back and side 
directions. One arrangement which accomplishes that consists of two plane reflectors 
joined so as to form a corner, as shown in Figures 15.1(b) and in 15.2(a). This is 
known as the corner reflector. Because of its simplicity in construction, it has many 
unique applications. For example, if the reflector is used as a passive target for radar 
or communication applications, it will return the signal exactly in the same direction 
as it received it when its included angle is 90^. This is illustrated geometrically in 
Figure 15.2(b). Because of this unique feature, military ships and vehicles are designed 
with minimum sharp corners to reduce their detection by enemy radar. Corner reflectors 
are also widely used as receiving elements for home television. 

In most practical applications, the included angle formed by the plates is usually 
90°; however other angles are sometimes used. To maintain a given system efficiency, 
the spacing between the vertex and the feed element must increase as the included 
angle of the reflector decreases, and vice versa. For reflectors with infinite sides, the 
gain increases as the included angle between the planes decreases. This, however, may 
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(b) a = 90? 


Feed 
element 


Supporting 
structure 


(c) Perspective view (d) Wire-grid arrangement 


Figure 15.2 Side and perspective views of solid and wire-grid corner reflectors. 


not be true for finite size plates. For simplicity, in this chapter it will be assumed that 
the plates themselves are infinite in extent (/ = oo). However, since in practice the 
dimensions must be finite, guidelines on the size of the aperture (D,), length (/), and 
height (h) will be given. 

The feed element for a corner reflector is almost always a dipole or an array of 
collinear dipoles placed parallel to the vertex a distance s away, as shown in a per- 
spective view in Figure 15.2(c). Greater bandwidth is obtained when the feed elements 
are cylindrical or biconical dipoles instead of thin wires. In many applications, espe- 
cially when the wavelength is large compared to tolerable physical dimensions, the 
surfaces of the corner reflector are frequently made of grid wires rather than solid 
sheet metal, as shown in Figure 15.2(d). One of the reasons for doing that is to reduce 
wind resistance and overall system weight. The spacing (g) between wires is made a 
small fraction of a wavelength (usually g < 4/10). For wires that are parallel to the 
length of the dipole, as is the case for the arrangement of Figure 15.2(d), the reflectivity 
of the grid-wire surface is as good as that of a solid surface. 
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In practice, the aperture of the corner reflector (D,) is usually made between one 
and two wavelengths (A < D, < 2A). The length of the sides of a 90° corner reflector 
is most commonly taken to be about twice the distance from the vertex to the feed (/ ~ 
25). For reflectors with smaller included angles, the sides are made larger. The feed-to- 
vertex distance (s) is usually taken to be between 4/3 and 24/3(A/3 < s < 24/3). For 
each reflector, there is an optimum feed-to-vertex spacing. If the spacing becomes too 
small, the radiation resistance decreases and becomes comparable to the loss resistance 
of the system which leads to an inefficient antenna. For very large spacing, the system 
produces undesirable multiple lobes, and it loses its directional characteristics. It has 
been experimentally observed that increasing the size of the sides does not greatly affect 
the beamwidth and directivity, but it increases the bandwidth and radiation resistance. 
The main lobe is somewhat broader for reflectors with finite sides compared to that of 
infinite dimensions. The height (h) of the reflector is usually taken to be about 1.2 to 
1.5 times greater than the total length of the feed element, in order to reduce radiation 
toward the back region from the ends. 

The analysis for the field radiated by a source in the presence of a corner reflector 
is facilitated when the included angle (o) of the reflector is œ = z/n, where n is an 
integer (a = x, 2/2, 1/3, 7/4, etc.). For those cases (a = 180^, 90^, 60°, 45°, etc.) it 
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Figure 15.3 Corner reflectors and their images (with perpendicularly polarized feeds) for 
angles of 90°, 60^, 45°, and 30°. 
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is possible to find a system of images, which when properly placed in the absence of 
the reflector plates, form an array that yields the same field within the space formed by 
the reflector plates as the actual system. The number of images, polarity, and position 
of each is controlled by the included angle of the corner reflector and the polarization of 
the feed element. In Figure 15.3 we display the geometrical and electrical arrangement 
of the images for corner reflectors with included angles of 90°, 60°, 45°, and 30° and a 
feed with perpendicular polarization. The procedure for finding the number, location, 
and polarity of the images is demonstrated graphically in Figure 15.4 for a corner 
reflector with a 90° included angle. It is assumed that the feed element is a linear 
dipole placed parallel to the vertex. A similar procedure can be followed for all other 
reflectors with an included angle of a = 180°/n, where n is an integer. 


15.3.1 90° Corner Reflector 


The first corner reflector to be analyzed is the one with an included angle of 
90°. Because its radiation characteristics are the most attractive, it has become the 
most popular. 


Plate #1 


90° (9-— 5 s —+(e) Feed 


Image #3 f 


Image ae 


Plate #2 


(a) 90° corner reflector (b) Images for 90° 
corner reflector 


Plate #1 b & 
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x 
E Q7 
A Image #3 
P4 
Z 
Z ae 
7 Q-— 
Image £4 Plate #2 
(c) Placement of image #2 (d) Placement of images #4 
(due to feed) and #3 (due to feed and 
image #2) 


Figure 15.4 Geometrical placement and electrical polarity of images for a 90° corner reflector 
with a parallel polarized feed. 
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Referring to the reflector of Figure 15.2(c) with its images in Figure 15.4(b), the 
total field of the system can be derived by summing the contributions from the feed 
and its images. Thus 


E(r, 0, 9) = Ei (r1, 6, 6) + E2(72, 0, $) + E3(r3, 0, 9) + E4(r4, 0, Q) (15-1) 


In the far-zone, the normalized scalar field can be written as 


e n e Jn eTit e ikra 
Er, 0, ġ)= f(0,9) — f@,¢) + f(0.9) — f(, 9) 
ri r2 r3 r4 
—jkr 
E(r,0, $) = [etis cos a = e 75 cos y» Ta e 75 cos ys — et iks cos “IFO, pÉ : 
(15-2) 
where 
cos y; = à, - à, = sin 0 cos (15-2a) 
COS W = â, - à, = sind sing (15-2b) 
cos Y3 = —à, - à, = — sin 0 cos (15-2c) 
cos Y4 = —à, - à, = — sinO sing (15-2d) 


since à, = à, sin 0 cos à + â, sin@ sin $ + à. cos 0. Equation (15-2) can also be writ- 
ten, using (15-2a)—(15-2d), as 


—jkr 
E (r, 0, $) = 2[cos(ks sin 8 cos $) — cos(ks sin 0 sin Q)] f (6, $) x (15-3) 
r 
where for a = 1/2 = 90° 
0<¢<a/2 
0<6 <n, (15-3a) 
2x —a/2x ġ x2m- 
Letting the field of a single isolated (radiating in free-space) element to be 
e Jj 
Eo = f@,¢) : (15-4) 


(15-3) can be rewritten as 


= = AF(0, Q) = 2[cos(ks sinO cos $) — cos(ks sin @ sin $)] (15-5) 
0 


Equation (15-5) represents not only the ratio of the total field to that of an isolated 
element at the origin but also the array factor of the entire reflector system. In the 
azimuthal plane (0 = 2/2), (15-5) reduces to 


= = AF(0 = x/2, $) = 2[cos(ks cos $) — cos(ks sin $)] (15-6) 
0 
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Figure 15.5 Normalized radiation amplitude patterns for œ = 90° corner reflector. 


To gain some insight into the performance of a corner reflector, in Figure 15.5 
we display the normalized patterns for an œ = 90° corner reflector for spacings of 
s = 0.14, 0.71, 0.84, 0.94, and 1.0A. It is evident that for the small spacings the pattern 
consists of a single major lobe whereas multiple lobes appear for the larger spacings 
(s > 0.7X). For s = the pattern exhibits two lobes separated by a null along the 
p =0° axis. 

Another parameter of performance for the corner reflector is the field strength along 
the symmetry axis (0 = 90°, $ = 0°) as a function of feed-to-vertex distance s [6]. The 
normalized (relative to the field of a single isolated element) absolute field strength 
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|E/Eo| as a function of s/A(O < s < 10A) for a = 90° is shown plotted in Figure 15.6. 
It is apparent that the first field strength peak is achieved when s = 0.54, and it is equal 
to 4. The field is also periodic with a period of As/A = 1. 


15.3.2 Other Corner Reflectors 


A similar procedure can be used to derive the array factors and total fields for all other 
corner reflectors with included angles of a = 180^ /n. Referring to Figure 15.3, it can 
be shown that the array factors for œ = 60^, 45^, and 30° can be written as 


a = 60° 
(X X Y (15-7) 
AF(0, ġ) = 4 sin (ž) co (3) — cos (57) 
a = 45° 
AF, $) 2 (X) + cos(Y) — 2 (=) (= ) dn 
,0) = 2 | cos cos — 2cos | — ] cos | — 
J/2 J/2 
a = 30° 
AF(0,0) = 2 [seo — 2cos (s) cos (5) 
2 2 (15-9) 
— cos(Y) + 2 cos (5) cos (3) 
where 
X = ks sin 0 cos $ (15-9a) 
Y = ks sin 8 sing (15-9b) 


These are assigned, at the end of the chapter, as exercises to the reader (Problem 15.2). 
For a corner reflector with an included angle of a = 180°/n,n = 1,2,3,..., the 
number of images is equal to N = (360/a) — 1 = 2n — 1. 
It has also been shown [7] by using long filament wires as feeds, that the azimuthal 
plane (0 = 2/2) array factor for corner reflectors with o = 180°/n, where n is an 
integer, can also be written as 


n = even (n = 2,4,6,...) 


AF(¢) = 4n(—1)"?[J, (ks) cos(n$) + Ja, (ks) cos(3ng) 
+ Js, (ks) cos(5nQ) + ---] (15-102) 
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Figure 15.6 Relative field strength along the axis (0 = 90^, $ = 0^) of an a = 90° corner 
reflector as a function of feed-to-vertex spacing. 


n = odd (n = 1,3,5,...) 


AF(9) = 4nj (—1)" PP tJ, (ks) cos(n$) — Ja, (ks) cos(3n) 
+ Jsn (ks) cos(5nQ) +--+] (15-10b) 


where J,, (x) is the Bessel function of the first kind of order m (see Appendix V). 

When n is not an integer, the field must be found by retaining a sufficient number 
of terms of the infinite series. It has also been shown [7] that for all values of n = m 
(integral or fractional) that the field can be written as 


AF(9) = 4m[el”/? Jn (ks) cos(m@) + e?""? Jan (ks) cosGmQ) -----] — (15-10) 


The array factor for a corner reflector, as given by (15-10a)- (15-11), has a form 
that is similar to the array factor for a uniform circular array, as given by (6-121). 
This should be expected since the feed sources and their images in Figure 15.3 form 
a circular array. The number of images increase as the included angle of the corner 
reflector decreases. 

Patterns have been computed for corner reflectors with included angles of 60^, 45^, 
and 30°. It has been found that these corner reflectors have also single-lobed patterns 
for the smaller values of s, and they become narrower as the included angle decreases. 
Multiple lobes begin to appear when 


$220.954 for a= 60° 
sc124 for a=45° 
Sc2.5À4 for a=30° 
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The field strength along the axis of symmetry (6 = 90°, $ = 0°) as a function of 
the feed-to-vertex distance s, has been computed for reflectors with included angles 
of a = 60°, 45°, and 30°. The results for œ = 45° are shown in Figure 15.7 for 
0x s x 10A. 

For reflectors with œ = 90° and 60°, the normalized field strength is periodic with 
periods of A and 22, respectively. However, for the 45^ and 30° reflectors the nor- 
malized field is not periodic but rather “almost periodic" or “pseudoperiodic” [8]. 
For the 45° and 30° reflectors the arguments of the trigonometric functions represent- 
ing the arrays factors, and given by (15-8)—(15-9b), are related by irrational numbers 
and therefore the arrays factors do not repeat. However, when plotted they look very 
similar. Therefore when examined only graphically, the observer erroneously may con- 
clude that the patterns are periodic (because they look so much the same). However, 
when the array factors are examined analytically it is concluded that the functions 
are not periodic but rather nearly periodic. The field variations are “nearly similar” 
in form in the range As ~ 16.694. for the œ = 45° and As ~ 30A for the a = 30°. 
Therefore the array factors of (15-8) and (15-9) belong to the class of nearly periodic 
functions [8]. 

It has also been found that the maximum field strength increases as the included 
angle of the reflector decreases. This is expected since a smaller angle reflector exhibits 
better directional characteristics because of the narrowness of its angle. The maximum 
values of |E/Eo| for a = 60°, 45°, and 30° are approximately 5.2, 8, and 9, respec- 
tively. The first field strength peak, but not necessarily the ultimate maximum, is 
achieved when 

s~0.654 for «œ= 60° 
s~0.852 for a= 45° 


s~1.20A for a = 30° 


6.0r 
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Figure 15.7 Relative field strength along the axis (0 = 90^, $ = 0^) for an a = 45° corner 
reflector as a function of feed-to-vertex spacing. 
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15.4 PARABOLIC REFLECTOR 


The overall radiation characteristics (antenna pattern, antenna efficiency, polarization 
discrimination, etc.) of a reflector can be improved if the structural configuration of 
its surface is upgraded. It has been shown by geometrical optics that if a beam of 
parallel rays is incident upon a reflector whose geometrical shape is a parabola, the 
radiation will converge (focus) at a spot which is known as the focal point. In the 
same manner, if a point source is placed at the focal point, the rays reflected by a 
parabolic reflector will emerge as a parallel beam. This is one form of the principle of 
reciprocity, and it is demonstrated geometrically in Figure 15.1(c). The symmetrical 
point on the parabolic surface is known as the vertex. Rays that emerge in a parallel 
formation are usually said to be collimated. In practice, collimation is often used to 
describe the highly directional characteristics of an antenna even though the emanating 
rays are not exactly parallel. Since the transmitter (receiver) is placed at the focal point 
of the parabola, the configuration is usually known as front fed. 

The disadvantage of the front-fed arrangement is that the transmission line from the 
feed must usually be long enough to reach the transmitting or the receiving equipment, 
which is usually placed behind or below the reflector. This may necessitate the use 
of long transmission lines whose losses may not be tolerable in many applications, 
especially in low-noise receiving systems. In some applications, the transmitting or 
receiving equipment is placed at the focal point to avoid the need for long transmis- 
sion lines. However, in some of these applications, especially for transmission that 
may require large amplifiers and for low-noise receiving systems where cooling and 
weatherproofing may be necessary, the equipment may be too heavy and bulky and 
will provide undesirable blockage. 

Another arrangement that avoids placing the feed (transmitter and/or receiver) at 
the focal point is that shown in Figure 15.1(d), and it is known as the Cassegrain feed. 
Through geometrical optics, Cassegrain, a famous astronomer (hence its name), showed 
that incident parallel rays can be focused to a point by utilizing two reflectors. To 
accomplish this, the main (primary) reflector must be a parabola, the secondary reflector 
(subreflector) a hyperbola, and the feed placed along the axis of the parabola usually 
at or near the vertex. Cassegrain used this scheme to construct optical telescopes, and 
then its design was copied for use in radio frequency systems. For this arrangement, 
the rays that emanate from the feed illuminate the subreflector and are reflected by 
it in the direction of the primary reflector, as if they originated at the focal point of 
the parabola (primary reflector). The rays are then reflected by the primary reflector 
and are converted to parallel rays, provided the primary reflector is a parabola and 
the subreflector is a hyperbola. Diffractions occur at the edges of the subreflector 
and primary reflector, and they must be taken into account to accurately predict the 
overall system pattern, especially in regions of low intensity [9]—[11]. Even in regions 
of high intensity, diffractions must be included if an accurate formation of the fine 
ripple structure of the pattern is desired. With the Cassegrain-feed arrangement, the 
transmitting and/or receiving equipment can be placed behind the primary reflector. 
This scheme makes the system relatively more accessible for servicing and adjustments. 

A parabolic reflector can take two different forms. One configuration is that of the 
parabolic right cylinder, shown in Figure 15.8(a), whose energy is collimated at a line 
that is parallel to the axis of the cylinder through the focal point of the reflector. The 
most widely used feed for this type of a reflector is a linear dipole, a linear array, or a 
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Reflector 
Reflector (paraboloid) 
| (parabolic cylinder) 
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i 
(a) Parabolic right cylinder (b) Paraboloid 


Figure 15.8 Parabolic right cylinder and paraboloid. 


slotted waveguide. The other reflector configuration is that of Figure 15.8(b) which is 
formed by rotating the parabola around its axis, and it is referred to as a paraboloid 
(parabola of revolution). A pyramidal or a conical horn has been widely utilized as a 
feed for this arrangement. 

There are many other types of reflectors whose analysis is widely documented 
in the literature [12]—[14]. The spherical reflector, for example, has been utilized for 
radioastronomy and small earth-station applications, because its beam can be efficiently 
scanned by moving its feed. An example of that is the 1,000-ft (305-m) diameter 
spherical reflector at Arecibo, Puerto Rico [12] whose primary surface is built into 
the ground and scanning of the beam is accomplished by movement of the feed. For 
spherical reflectors a substantial blockage may be provided by the feed leading to 
unacceptable minor lobe levels, in addition to the inherent reduction in gain and less 
favorable cross-polarization discrimination. 

To eliminate some of the deficiencies of the symmetric configurations, offset- 
parabolic reflector designs have been developed for single- and dual-reflector systems 
[13]. Because of the asymmetry of the system, the analysis is more complex. However 
the advent and advances of computer technology have made the modeling and 
optimization of the offset-reflector designs available and convenient. Offset-reflector 
designs reduce aperture blocking and VSWR. In addition, they lead to the use of 
larger f/d ratios while maintaining acceptable structural rigidity, which provide an 
opportunity for improved feed pattern shaping and better suppression of cross-polarized 
radiation emanating from the feed. However, offset-reflector configurations generate 
cross-polarized antenna radiation when illuminated by a linearly polarized primary 
feed. Circularly polarized feeds eliminate depolarization, but they lead to squinting of 
the main beam from boresight. In addition, the structural asymmetry of the system is 
usually considered a major drawback. 

Paraboloidal reflectors are the most widely used large aperture ground-based anten- 
nas [14]. At the time of its construction, the world's largest fully steerable reflector 
was the 100-m diameter radio telescope [15] of the Max Planck Institute for Radioas- 
tronomy at Effelsberg, West Germany, while the largest in the United States was the 
64-m diameter [16] reflector at Goldstone, California built primarily for deep-space 
applications. When fed efficiently from the focal point, paraboloidal reflectors produce 
a high-gain pencil beam with low side lobes and good cross-polarization discrimination 
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characteristics. This type of an antenna is widely used for low-noise applications, such 
as in radioastronomy, and it is considered a good compromise between performance 
and cost. To build a large reflector requires not only a large financial budget but also a 
difficult structural undertaking, because it must withstand severe weather conditions. 
Cassegrain designs, employing dual-reflector surfaces, are used in applications where 
pattern control is essential, such as in satellite ground-based systems, and have effi- 
ciencies of 65-80%. They supersede the performance of the single-reflector front-fed 
arrangement by about 10%. Using geometrical optics, the classical Cassegrain config- 
uration, consisting of a paraboloid and a hyperboloid, is designed to achieve a uniform 
phase front in the aperture of the paraboloid. By employing good feed designs, this 
arrangement can achieve lower spillover and more uniform illumination of the main 
reflector. In addition, slight shaping of one or both of the dual-reflector’s surfaces can 
lead to an aperture with almost uniform amplitude and phase with a substantial enhance- 
ment in gain [14]. These are referred to as shaped reflectors. Shaping techniques have 


mou wegen a 


Figure 15.9 Shaped 10-m earth-station dual-reflector antenna. (Courtesy Andrew Corp) 
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been employed in dual-reflectors used in earth-station applications. An example is the 
10-m earth-station dual-reflector antenna, shown in Figure 15.9, whose main reflector 
and subreflector are shaped. 

For many years horns or waveguides, operating in a single mode, were used as 
feeds for reflector antennas. However because of radioastronomy and earth-station 
applications, considerable efforts have been placed in designing more efficient feeds to 
illuminate either the main reflector or the subreflector. It has been found that corrugated 
horns that support hybrid mode fields (combination of TE and TM modes) can be used 
as desirable feeds. Such feed elements match efficiently the fields of the feeds with 
the desired focal distribution produced by the reflector, and they can reduce cross- 
polarization. Dielectric cylinders and cones are other antenna structures that support 
hybrid modes [14]. Their structural configuration can also be used to support the 
subreflector and to provide attractive performance figures. 

There are primarily two techniques that can be used to analyze the performance 
of a reflector system [17]. One technique is the aperture distribution method and the 
other the current distribution method. Both techniques will be introduced to show the 
similarities and differences. 


15.4.4 Front-Fed Parabolic Reflector 


Parabolic cylinders have widely been used as high-gain apertures fed by line sources. 
The analysis of a parabolic cylinder (single curved) reflector is similar, but consid- 
erably simpler than that of a paraboloidal (double curved) reflector. The principal 
characteristics of aperture amplitude, phase, and polarization for a parabolic cylinder, 
as contrasted to those of a paraboloid, are as follows: 


1. The amplitude taper, due to variations in distance from the feed to the sur- 
face of the reflector, is proportional to 1/p in a cylinder compared to 1/r? in 
a paraboloid. 

2. The focal region, where incident plane waves converge, is a line source for a 
cylinder and a point source for a paraboloid. 

3. When the fields of the feed are linearly polarized parallel to the axis of the 
cylinder, no cross-polarized components are produced by the parabolic cylinder. 
That is not the case for a paraboloid. 


Generally, parabolic cylinders, as compared to paraboloids, (1) are mechanically 
simpler to build, (2) provide larger aperture blockage, and (3) do not possess the attrac- 
tive characteristics of a paraboloid. In this chapter, only paraboloidal reflectors will 
be examined. 


A. Surface Geometry 

The surface of a paraboloidal reflector is formed by rotating a parabola about its axis. Its 
surface must be a paraboloid of revolution so that rays emanating from the focus of the 
reflector are transformed into plane waves. The design is based on optical techniques, 
and it does not take into account any deformations (diffractions) from the rim of the 
reflector. Referring to Figure 15.10 and choosing a plane perpendicular to the axis of 
the reflector through the focus, it follows that 


OP + PQ — constant = 2f (15-12) 
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Figure 15.10 Two-dimensional configuration of a paraboloidal reflector. 


Since 
OP =r" (15-13) 
PQ = r'cos0' 
(15-12) can be written as 
r'(1 + cosb) =2f (15-14) 
or 
2f 4 0" 
‘= — — 0 « 6, - 
: 1 + cos 0" J seg (5) nid (15-14a) 


Since a paraboloid is a parabola of revolution (about its axis), (15-14a) is also the 
equation of a paraboloid in terms of the spherical coordinates r’, 6’, ø'. Because of its 
rotational symmetry, there are no variations with respect to ¢’. 

Equation (15-14a) can also be written in terms of the rectangular coordinates 
x’, y', z'. That is, 


r' +r cosh — J'y HOY T GY r-z-2f (15-15) 


or 
Gy HOY =4f(f —z) with (Y + (y? < (d/d? (15-152) 
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In the analysis of parabolic reflectors, it is desirable to find a unit vector that is 


normal to the local tangent at the surface reflection point. To do this, (15-14a) is first 
expressed as 


/ 2 0' 
f -—r cos F =S$=0 (15-16) 
and then a gradient is taken to form a normal to the surface. That is, 
0’ as 1 0S 
N=V S oh 2 LAIT. Al SLIDE. 
|/ r COS (5)] âz tên TT 
a’ cos? a + â} cos A sin A (15-17) 
= — — — J| si — - 
: 2 : 2 2 


A unit vector, normal to S, is formed from (15-17) as 


N 6’ 0' 
i= NC —&; cos (5) + à, sin (5) (15-18) 


To find the angle between the unit vector fi which is normal to the surface at the 
reflection point, and a vector directed from the focus to the reflection point, we form 


cos à eñ a’ a’ cos 2 + à, sin Er 
a = —â' fñ = —â' . | — xn um 
r r r 2 0 2 


(15-19) 


In a similar manner we can find the angle between the unit vector fi and the z-axis. 


cos B = —à, fi = —à.- |-« cos (5) + â; sin (5)] (15-20) 


Using the transformation of (4-5), (15-20) can be written as 


9' 9' 
cos B = — (â. cos 6’ — à, sin 0”) - la cos (5) + a, sin (5)] 


That is, 


(15-21) 


which is identical to a of (15-19). This is nothing more than a verification of Snell's 
law of reflection at each differential area of the surface, which has been assumed to 
be flat locally. 
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Another expression that is usually very prominent in the analysis of reflectors is that 
relating the subtended angle 6p to the f/d ratio. From the geometry of Figure 15.10 


4 = tan^! (2) (15-22) 


Z0 


where Zo is the distance along the axis of the reflector from the focal point to the edge 
of the rim. From (15-15a) 


2 2 2 2 
pou UU emia L (15-23) 


4f 4f 16f 
Substituting (15-23) into (15-22) reduces it to 


(15-24) 


(15-25) 


B. Induced Current Density 

To determine the radiation characteristics (pattern, gain, efficiency, polarization, etc.) 

of a parabolic reflector, the current density induced on its surface must be known. 
The current density J, can be determined by using 


J; = û x H = f x (H! + H’) (15-26) 
where H! and H” represent, respectively, the incident and reflected magnetic field 
components evaluated at the surface of the conductor, and fi is a unit vector normal to 
the surface. If the reflecting surface can be approximated by an infinite plane surface 
(this condition is met locally for a parabola), then by the method of images 


ñ x Hİ = ñ x H’ (15-27) 


and (15-26) reduces to 


(15-28) 


The current density approximation of (15-28) is known as the physical-optics approx- 
imation, and it is valid when the transverse dimensions of the reflector, radius of 
curvature of the reflecting object, and the radius of curvature of the incident wave are 
large compared to a wavelength. 
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If the reflecting surface is in the far-field of the source generating the incident waves, 
then (15-28) can also be written as 
^ i 2 ^ ^ L 
Js = 2i x H — x x ($; x E)] (15-29) 


or 


2 
J, -2àxH ~ “lal x (8, x E’)] (15-29a) 


where 7 is the intrinsic impedance of the medium, §; and §, are radial unit vectors 
along the ray paths of the incident and reflected waves (as shown in Figure 15.11), 
and E/ and E" are the incident and reflected electric fields. 


C. Aperture Distribution Method 

It was pointed out earlier that the two most commonly used techniques in analyzing 
the radiation characteristics of reflectors are the aperture distribution and the current 
distribution methods. 

For the aperture distribution method, the field reflected by the surface of the 
paraboloid is first found over a plane which is normal to the axis of the reflector. 
Geometrical optics techniques (ray tracing) are usually employed to accomplish this. 
In most cases, the plane is taken through the focal point, and it is designated as the 
aperture plane, as shown in Figure 15.12. Equivalent sources are then formed over that 
plane. Usually it is assumed that the equivalent sources are zero outside the projected 
area of the reflector on the aperture plane. These equivalent sources are then used to 
compute the radiated fields utilizing the aperture techniques of Chapter 12. 

For the current distribution method, the physical optics approximation of the induced 
current density J, given by (15-28) (J; ~ 2d x H’ where Hi! is the incident magnetic 
field and fi is a unit vector normal to the reflector surface) is formulated over the 
illuminated side of the reflector ($1) of Figure 15.11. This current density is then 
integrated over the surface of the reflector to yield the far-zone radiation fields. 


Figure 15.11 Reflecting surface with boundary I. 
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Figure 15.12 Three-dimensional geometry of a paraboloidal reflector system. 


For the reflector of Figure 15.11, approximations that are common to both meth- 
ods are: 


1. The current density is zero on the shadow side (S2) of the reflector. 


2. The discontinuity of the current density over the rim (T) of the reflector is 
neglected. 


3. Direct radiation from the feed and aperture blockage by the feed are neglected. 


These approximations lead to accurate results, using either technique, for the radi- 
ated fields on the main beam and nearby minor lobes. To predict the pattern more 
accurately in all regions, especially the far minor lobes, geometrical diffraction tech- 
niques [9]-[11] can be applied. Because of the level of the material, it will not be 
included here. The interested reader can refer to the literature. 

The advantage of the aperture distribution method is that the integration over the 
aperture plane can be performed with equal ease for any feed pattern or feed position 
[18]. The integration over the surface of the reflector as required for the current dis- 
tribution method, becomes quite complex and time consuming when the feed pattern 
is asymmetrical and/or the feed is placed off-axis. 

Let us assume that a y-polarized source with a gain function of G s (8', ¢’) is placed 


at the focal point of a paraboloidal reflector. The radiation intensity of this source is 
given by 


P, / / 
U(0', 9) — 1,6;0 .Q)) (15-30) 
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where P, is the total radiated power. Referring to Figure 15.12, at a point r’ in the 
far-zone of the source 


1 o / A Ox / / 1 o 4 / 
UO, d) = 5 RelE (0,9) xH (06,0)] = m” (9, p)? (15-31) 


or 


o P, 7 
[E^ (6, $^)| = [2nU (6, $)] ^ = [nZ croon] (15-31a) 


The incident field, with a direction perpendicular to the radial distance, can then be 
written as 


; 2 m P, 1/2 ew kr " e i 
E' (r', 0’, $^) = 6; NES | 3m €; C1 y GEO, 9") x 
(15-32) 
1/4 p, NI? 
ees (=) (2) (15-322) 


€ 


where ê; is a unit vector perpendicular to à; and parallel to the plane formed by â’. 
and à,, as shown in Figure 15.13. 
It can be shown [19] that on the surface of the reflector 


. —jkr! 
je XE x @; x E)] = 2 £c ane. ¢)—u (15-33) 
m m 
where 
u = fi x (a) x 6) = (fi - é)à; — (f - 4/6; (15-332) 


x 


Figure 15.13 Unit vector alignment for a paraboloidal reflector system. 
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which reduces to 
^ * T. 6' ° / y 
u= E sinO sin (5) sing cos@ 
^ 0' 05D wig / Ai 
+ à, cos 5 (sin^ $ cos @ + cos’ ¢’) 


6’ 
— 4,cos6’ sing’ sin (5)] "E 1 — sin? 6’ sin? Q’ (15-34) 


To find the aperture field E;, at the plane through the focal point, due to the reflector 
currents of (15-33), the reflected field E" at r' (the reflection point) is first found. This 


is of the form 
—jkr' 


E = ê, C/G; 0,9) - (15-35) 


where 6, is a unit vector depicting the polarization of the reflected field. From (15-29a) 


J; = AB x (8, x E’)] (15-36) 
u 
Because $, = —à;, (15-36) can be written, using (15-35), as 
€ ee 
J; = 2 Sc. oe, $^) u (15-37) 
u 
where 
0! 
u = fix (—-à; x é,) = —à, (ñ - 6.) — ê, cos (5) (15-37a) 


Since u in (15-37) and (15-372) is the same as that of (15-33)—(15-34), it can be shown 
[19] through some extensive mathematical manipulations that 


, _ A, sing’ cos p’(1 — cos 6’) — A, (sin? ¢' cos 0' + cos? o’) 


(15-38) 


: V1 — sin? 6’ sin? à 


Thus the field E” at the point of reflection r’ is given by (15-35) where ê, is given 
by (15-38). At the plane passing through the focal point, the field is given by 


eg - ikr (-ccos 6") 


E;, = 6,C; G y(0', $") = Ay Exa F Ay Eya (15-39) 


r! 


where Exa and Ey, represent the x- and y-components of the reflected field over the 
aperture. Since the field from the reflector to the aperture plane is a plane wave, no 
correction in amplitude is needed to account for amplitude spreading. 
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Using the reflected electric field components (Fy, and Eya) as given by (15-39), an 
equivalent is formed at the aperture plane. That is, 


Ea y ^ Egz ^ E p E, , 
Ji =axH, — —à, x (a ya )=-a _ 4, Fa Hades 
7 7 7 n 
Mj = —f x E, = +â; x (Â, Eax + Ay Eay) = —Ay Egy + Ay Ear (15-40b) 


The radiated field can be computed using the (15-40a), (15-40b), and the formulations 
of Section 12.3. The integration is restricted only over the projected cross-sectional 
area So of the reflector at the aperture plane shown dashed in Figure 15.12. That is, 


jke? , 
Eo; = 1 (1 — cos 0) (— Easy cos $ — Egy sing) 
TI g (15-41a) 
x e ( sind cos pty’ sin 6 sin $) dx! dy 
jke i" 
Ej, = 1 (1 —cos6) |] (—Eax sing + Egy cos o) 
Ar 


So (15-41b) 
x ejk sin0 cos p+y’ sin6 sin $) dx’ dy 


The aperture distribution method has been used to compute, using efficient numerical 
integration techniques, the radiation patterns of paraboloidal [18] and spherical [20] 
reflectors. The fields given by (15-41a) and (15-41b) represent only the secondary 
pattern due to scattering from the reflector. The total pattern of the system is represented 
by the sum of secondary pattern and the primary pattern of the feed element. For most 
feeds (such as horns), the primary pattern in the boresight (forward) direction of the 
reflector is of very low intensity and usually can be neglected. 

To demonstrate the utility of the techniques, the principal E- and H-plane secondary 
patterns of a 35 GHz reflector, with an f/d ~ 0.82 [f = 8.062 in. (20.48 cm), d = 
9.84 in. (24.99 cm)] and fed by a conical dual-mode horn, were computed and they are 
displayed in Figure 15.14. Since the feed horn has identical E- and H-plane patterns 
and the reflector is fed symmetrically, the reflector E- and H-plane patterns are also 
identical and do not possess any cross-polarized components. 

To simultaneously display the field intensity associated with each point in the aper- 
ture plane of the reflector, a computer generated plot was developed [20]. The field 
point locations, showing quantized contours of constant amplitude in the aperture plane, 
are illustrated in Figure 15.15. The reflector system has an f/d ~ 0.82 with the same 
physical dimensions [f = 8.062 in. (20.48 cm), d = 9.84 in. (24.99 cm)] and the same 
feed as the principal pattern of Figure 15.14. One symbol is used to represent the ampli- 
tude level of each 3-dB region. The field intensity within the bounds of the reflector 
aperture plane is within the 0—15 dB range. 


D. Cross-Polarization 
The field reflected by the paraboloid, as represented by (15-35) and (15-38) of the aper- 
ture distribution method, contains x- and y-polarized components when the incident 
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Figure 15.14 Principal E- or H-plane pattern of a symmetrical front-fed paraboloidal reflector. 
(Courtesy M. C. Bailey, NASA Langley Research Center) 
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Figure 15.15 Field point locations of constant amplitude contours in the aperture plane of a 
symmetrical front-fed paraboloidal reflector. (Courtesy M. C. Bailey, NASA Langley Research 
Center) 
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y 
E-plane 


H-plane 


Figure 15.16 Principal (y-direction) and cross-polarization (x-direction) components of a 
paraboloidal reflector. (source: S. Silver (ed.), Microwave Antenna Theory and Design (MIT 
Radiation Lab. Series, Vol. 12), McGraw-Hill, New York, 1949) 


field is y-polarized. The y-component is designated as the principal polarization and 
the x-component as the cross-polarization. This is illustrated in Figure 15.16. It is also 
evident that symmetrical (with respect to the principal planes) cross-polarized compo- 
nents are 180^ out of phase with one another. However for very narrow beam reflectors 
or for angles near the boresight axis (0 ~ 0°), the cross-polarized x-component dimin- 
ishes and it vanishes on axis (0' — 0^). A similar procedure can be used to show that 
for an incident x-polarized field, the reflecting surface decomposes the wave to a 
y-polarized field, in addition to its x-polarized component. 

An interesting observation about the polarization phenomenon of a parabolic reflec- 
tor can be made if we first assume that the feed element is an infinitesimal electric 
dipole (/ «& A) with its length along the y-axis. For that feed, the field reflected by the 
reflector is given by (15-35) where from (4-114) 


kIol kIol 
Ciy G ; (0', p) = jn— siny = jn—— v 1 — cos? y 
4r 4r 
(15-42) 
. kIol he): "S 
= jn——4j/1- sin^ 0’ sinf $' 
4r 


The angle y is measured from the y-axis toward the observation point. 
When (15-42) is inserted in (15-35), we can write with the aid of (15-38) that 


kIol e-/*7 
E’ = [â, sin 9' cos ġ'(1 — cos 6’) — â, (sin? ¢’ cos 6’ + cos? ¢’)] x in ; 
‘ Tor 
(15-43) 


Now let us assume that an infinitesimal magnetic dipole, with its length along the 
x-axis (or a small loop with its area parallel to the y-z plane) and with a magnetic 
moment of —à. M, is placed at the focal point and used as a feed. It can be shown 
[21]- [23] that the field reflected by the reflector has x- and y-components. However 
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( J- 


Electric-dipole Magnetic-dipole Resultant 
(small loop) 
Figure 15.17 Electric and magnetic dipole fields combined to form a Huygens’ source with 
ideal feed polarization for reflector. (source: A. W. Love, “Some Highlights in Reflector Antenna 
Development,” Radio Science, Vol. 11, Nos. 8, 9, August-September 1976) 


the x-component has a reverse sign to the x-component of the electric dipole feed. 
By adjusting the ratio of the electric to the magnetic dipole moments to be equal 
to ./j/eé, the two cross-polarized reflected components (x-components) can be made 
equal in magnitude and for their sum to vanish (because of reverse signs). Thus a cross 
electric and magnetic dipole combination located at the focal point of a paraboloid can 
be used to induce currents on the surface of the reflector which are parallel everywhere. 
This is illustrated graphically in Figure 15.17. 

The direction of the induced current flow determines the far-field polarization of 
the antenna. Thus for the crossed electric and magnetic dipole combination feed, the 
far-field radiation is free of cross-polarization. This type of feed is “ideal” in that it 
does not require that the surface of the reflector be solid but can be formed by closely 
spaced parallel conductors. Because of its ideal characteristics, it is usually referred to 
as a Huygens' source. 


E. Current Distribution Method 

The current distribution method was introduced as a technique that can be used to 
better approximate, as compared to the geometrical optics (ray-tracing) method, the 
field scattered from a surface. Usually the main difficulty in applying this method is 
the approximation of the current density over the surface of the scatterer. 

To analyze the reflector using this technique, we refer to the radiation integrals and 
auxiliary potential functions formulations of Chapter 3. While the two-step procedure 
of Figure 3.1 often simplifies the solution of most problems, the one-step formulation 
of Figure 3.1 is most convenient for the reflectors. 

Using the potential function methods outlined in Chapter 3, and referring to the 
coordinate system of Figure 12.2(a), it can be shown [17] that the E- and H-fields 
radiated by the sources J and M can be written as 


—jkR 


R 


* dv (15-44) 


1 
E =E, +Er = -jz [1d V +J + joeM x VI 
4rwe Jy 


—jkR 


R 


€ — dv (15-44b) 


1 
H= Hy +H; = -jz f MVV +M- jong x VI 
4røu Jy 
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which for far-field observations reduce, according to the coordinate system of 
Figure 12.2(b), to 


Ec jl je J E — (J - â,)â, + [om x J ere dy! (15-45a) 
V H 


4rr 
Hx j e / [Mm — (M. â,)â, — "E x J eA qy ^^ (15-450) 
Aur v € 


If the current distributions are induced by electric and magnetic fields incident on a 
perfect electric conducting (o = oo) surface shown in Figure 15.18, the fields created 
by these currents are referred to as scattered fields. If the conducting surface is closed, 
the far-zone fields are obtained from (15-45a) and (15-45b) by letting M — 0 and 
reducing the volume integral to a surface integral with the surface current density J 
replaced by the linear current density J,. Thus 


| 0009H Sair a .5 44 Jot ike Â, uu 
E, = is 7 f». Js -8&)8,]e T * ds (15-462) 
S 


H, = je VT kt f [J, x â Jeti dys! (15-46b) 
Arr 
S 


The electric and magnetic fields scattered by the closed surface of the reflector of 
Figure 15.11, and given by (15-46a) and (15-46b), are valid provided the source-density 
functions (current and charge) satisfy the equation of continuity. This would be satisfied 
if the scattering object is a smooth closed surface. For the geometry of Figure 15.11, 
the current distribution is discontinuous across the boundary I (being zero over the 
shadow area $5) which divides the illuminated (1) and shadow (S2) areas. It can be 
shown [17] that the equation of continuity can be satisfied if an appropriate line-source 
distribution of charge is introduced along the boundary I’. Therefore the total scattered 
field would be the sum of the (1) surface currents over the illuminated area, (2) surface 
charges over the illuminated area, and (3) line-charge distribution over the boundary T. 


Figure 15.18 Geometrical arrangement of reflecting surface. 
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The contributions from the surface charge density are taken into account by the 
current distribution through the equation of continuity. However it can be shown [17] 
that in the far-zone the contribution due to line-charge distribution cancels out the lon- 
gitudinal component introduced by the surface current and charge distributions. Since 
in the far-zone the field components are predominantly transverse, the contribution 
due to the line-charge distribution need not be included and (15-46a)—(15-46b) can be 
applied to an open surface. 

In this section, (15-46a) and (15-46b) will be used to calculate the field scattered 
from the surface of a parabolic reflector. Generally the field radiated by the currents 
on the shadow region of the reflector is very small compared to the total field, and 
the currents and field can be set equal to zero. The field scattered by the illuminated 
(concave) side of the parabolic reflector can be formulated, using the current distri- 
bution method, by (15-46a) and (15-46b) when the integration is restricted over the 
illuminated area. 

The total field of the system can be obtained by a superposition of the radiation from 
the primary source in directions greater than 09(0 > 09) and that scattered by the surface 
as obtained by using either the aperture distribution or the current distribution method. 

Generally edge effects are neglected. However the inclusion of diffracted fields 
[9]-[11] from the rim of the reflector not only introduce fields in the shadow region 
of the reflector, but also modify those present in the transition and lit regions. Any 
discontinuities introduced by geometrical optics methods along the transition region 
(between lit and shadow regions) are removed by the diffracted components. 

The far-zone electric field of a parabolic reflector, neglecting the direct radiation, is 
given by (15-46a). When expanded, (15-462) reduces, by referring to the geometry of 
Figure 15.18, to the two components of 


w 3 re 
Ey = —j Ter I fig - J,e I qu (15-472) 
4rr 
Sı 


sape J/ à, Jet as! (15-470) 
$i 


According to the geometry of Figure 15.19 
E Fans / / / 6 / 
ds = dW dN = (r sin@ adr sec (5) ar 
2 / 0' / / 
= (r) sin sec 5 d0 do (15-48) 
since 


dW = r'sin0' do (15-482) 
N 


hid 
5. | al JA RC eee Li 0 
= —Â, |-a, cos (5) + à, sin (5)] dN = cos (5) dN (15-48b) 
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(a) Projected cross section 


(b) Side-view 


Figure 15.19 Projected cross section and side view of reflector. 


6’ 0’ 0' 
dN = sec (5) dH = sec (5) r' dó' = r' sec (5) d' (15-48c) 


Therefore, it can be shown that (15-47a) and (15-47b) can be expressed, with the aid 
of (15-37), (15-372), and (15-48), as 


E, oe [En au [I 
Sj eeu 
[5] "sra bi 
E pps. 
2sgeE e coc mers (15-49) 
27r p20 âp- I 


I=L4+L (15-49a) 


where 
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2 6 
I = -f ud f 9 é COS (5) V G f^, 9")... ipt sino sing cos(d/—) -cos6' cos 6] 
Ec r 
0 0 


mE z 


x (r^)? sin 6’ sec (5) d0' dj! (15-49b) 


I. = —a, 


2. [7 / 
à. f ii / (à s é,) ot $") eJ U-sin6' sing cos($' —$)—cos0' cos 6] 
0 0 


x (r^)? sin6' sec (5) d0' dd’ (15-49c) 


By comparing (15-49) with (15-35), the radiated field components formulated by the 
aperture distribution and current distribution methods lead to similar results provided 
the I, contribution of (15-49c) is neglected. As the ratio of the aperture diameter to 
wavelength (d/A) increases, the current distribution method results reduce to those of 
the aperture distribution and the angular pattern becomes more narrow. 

For variations near the 0 = z region, the I, contribution becomes negligible because 


Ap - [—à, (fi - 6,)] = [à sin0 cos + à, cos 0 sin ó — â, sin 0] 
- [~â ñ - é,)] = (i - ê) sind (15-502) 
dy -[—8.(& -6)] = [—, sing + â, cosó] -[-à.(& -6,)] — O — (15-50b) 


F. Directivity and Aperture Efficiency 

In the design of antennas, the directivity is a very important figure of merit. The 
purpose of this section will be to examine the dependence of the directivity and aperture 
efficiency on the primary-feed pattern G ;(0', $^) and f/d ratio (or the included angle 
209) of the reflector. To simplify the analysis, it will be assumed that the feed pattern 
G (0, 9) is circularly symmetric (not a function of $") and that G;(6’) — 0 for 
0! > 90°. 

The secondary pattern (formed by the surface of the reflector) is given by (15-49). 
Approximating the I of (15-49a) by L,, the total E-field in the 0 = zr direction is given 
by either Eg or Ey of (15-49). Assuming the feed is circularly symmetric, linearly 
polarized in the y-direction, and by neglecting cross-polarized contributions, it can be 
shown with the aid of (15-14a) that (15-49) reduces to 


2 p] a. 6 8 
Fe a ee UM | Ea SERT VG j(0/) tan (5) do’ 
0 


r u 2T 
(15-51) 
The power intensity (power/unit solid angle) in the forward direction U (0 = zr) is 
given by 


U(0—z)— a cie. 0 = zn) (15-52) 


which by using (15-51) reduces to 


16r? P ? 
U@=n)= na ae 


3 (15-522) 


o / 
i y Gs (0^) tan (5) do’ 
0 


912 REFLECTOR ANTENNAS 


The antenna directivity in the forward direction can be written, using (15-52a), as 


2 
Ax U(0 = x) U(0 = m) — mr 

Do = —————— = ———_ = 15-53 
9 P, P, J47 ( ) 


auo r) do’ 


The focal length is related to the angular spectrum and aperture diameter d by (15-25). 
Thus (15-53) reduces to 


mo (E) [e GU verme (2) a 


2 
| (15-54) 


The factor (d /A)? is the directivity of a uniformly illuminated constant phase aperture; 
the remaining part is the aperture efficiency defined as 


(15-55) 


0o 
an = cot? | — 


It is apparent by examining (15-55) that the aperture efficiency is a function of the 
subtended angle (05) and the feed pattern G ;(0") of the reflector. Thus for a given 
feed pattern, all paraboloids with the same f/d ratio have identical aperture efficiency. 

To illustrate the variation of the aperture efficiency as a function of the feed pattern 
and the angular extent of the reflector, Silver [17] considered a class of feeds whose 
patterns are defined by 


Go" cos"(0') 0< 0! < 2/2 
G,(8") = (15-56) 
0 7/2 <0 xm 


where Go? is a constant for a given value of n. Although idealistic, these patterns 
were chosen because (1) closed form solutions can be obtained, and (2) they often 
are used to represent a major part of the main lobe of many practical antennas. The 
intensity in the back region (77/2 < 0' < m) was assumed to be zero in order to avoid 
interference between the direct radiation from the feed and scattered radiation from 
the reflector. 

The constant Go? can be determined from the relation 


f oa = fe sin 0 d0' dd! = 4x (15-57) 


S S 


which for (15-56) becomes 


z/2 
Go” f cos" 0'sin0' d6' =2 > Go? — 2(n + 1) (15-58) 
0 
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Substituting (15-56) and (15-58) into (15-55) leads, for the even values of n = 2 
through n = 8, to 


2 

ap (n = 2) = 24 [sin (2) 4 In co (S) cot? £) (15-59a) 
2 

Eap(n = 4) = 40 {sin (2) 4- In co (2) |} cot? (2) (15-59b) 


_ 3 
Eqp(n = 6) = 14 [2n E (£) É [1 — cos(69)]" 


3 
X deoa e (9 (15-59c) 
5 sin“ (Oo co El -97C 
m 1 — cos^(09) bo [1 — cos(69) P 
€ap (n = 8) = 18 [S — 2]n co S) prn 
2 
— T0 cot? (2) (15-59d) 


The variations of (15-59a)—(15-59d), as a function of the angular aperture of the 
reflector 0o or the f/d ratio, are shown plotted in Figure 15.20. It is apparent, from the 
graphical illustration, that for a given feed pattern (n — constant) 


1. There is only one reflector with a given angular aperture or f/d ratio which leads 
to a maximum aperture efficiency. 


2. Each maximum aperture efficiency is in the neighborhood of 82-83%. 


3. Each maximum aperture efficiency, for any one of the given patterns, is almost 
the same as that of any of the others. 


4. As the feed pattern becomes more directive (n increases), the angular aperture 
of the reflector that leads to the maximum efficiency is smaller. 


The aperture efficiency is generally the product of the 


1. fraction of the total power that is radiated by the feed, intercepted, and collimated 
by the reflecting surface (generally known as spillover efficiency €;) 


2. uniformity of the amplitude distribution of the feed pattern over the surface of 
the reflector (generally known as taper efficiency €) 

3. phase uniformity of the field over the aperture plane (generally known as phase 
efficiency €p) 

4. polarization uniformity of the field over the aperture plane (generally known as 
polarization efficiency €x) 

5. blockage efficiency €, 

6. random error efficiency €, over the reflector surface 


Thus in general 


| can = seepe | (15-60) 
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Aperture efficiency (£,) 
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(a) Aperture efficiency 
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(b) Taper and spillover efficiencies 


Figure 15.20 Aperture, and taper and spillover efficiencies as a function of the reflector 
half-angle 0o (or f/d ratio) for different feed patterns. 


For feeds with symmetrical patterns 


Oo 
Í G s(0') sin 0’ dé’ 
0 


(15-61) 


€, = RATER I M ————35 
i G ,(0') sing’ do’ 
0 
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2 


Oo 
f Jean (F -) do’ 


€; = = reat? ($ Jj m (15-62) 
Í G , (0^) sin 0' do’ 
0 
which by using (15-25) can also be written as 
6 2 
VG, (0^) tan (5 -) do’ 
H (15-62a) 


% 
7 G , (0^) sin 0' d0' 
0 


. 100(1 — és) = percent power loss due to energy from feed spilling past the 


main reflector. 


. 100(1 — e;) = percent power loss due to nonuniform amplitude distribution over 


the reflector surface. 


. 100(1 — €p) = percent power loss if the field over the aperture plane is not in 


phase everywhere. 


. 100(1 — €,) = percent power loss if there are cross-polarized fields over the 


antenna aperture plane. 


. 100(1 — €,) = percent power loss due to blockage provided by the feed or sup- 


porting struts (also by subreflector for a dual reflector). 


. 100(1 — e,) = percent power loss due to random errors over the reflector surface. 


An additional factor that reduces the antenna gain is the attenuation in the antenna 
feed and associated transmission line. 
For feeds with 


symmetrical patterns 


. aligned phase centers 

. no cross-polarized field components 
. no blockage 

. no random surface error 


the two main factors that contribute to the aperture efficiency are the spillover and 
nonuniform amplitude distribution losses. Because these losses depend primarily on 
the feed pattern, a compromise between spillover and taper efficiency must emerge. 
Very high spillover efficiency can be achieved by a narrow beam pattern with low 
minor lobes at the expense of a very low taper efficiency. 
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Example 15.1 


Show that a parabolic reflector using a point source as a feed, as shown in Figure 15.21, 
creates an amplitude taper proportional to 


HG) 


and that the feed pattern has to be equal to 


$ / 
G;(0') = Go sec* (5) = sect (5) 


to produce uniform illumination. 
Solution: The field radiated by a point source varies as 


eJ 


r 


Therefore, a field radiated by a point source at the focal point of a parabolic reflector, which 
acts as a feed, creates an amplitude taper across the reflector due to the space factor (r'/f), 
by referring to Figure 15.21, which compares the field at the vertex to that at any other point 
0' on the reflector surface. 


Figure 15.21 Geometry of a parabola (solid) and that of a circle (dashed) for aperture 
illumination. 
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According to (15-14) or (15-14a) 


5 reos - (2) * (F)- sew -™(3) 
— = ; = sec — |> S = PET = cos | — 
f 1 + cos(0") 2 r sec? (0'/2) 2 


The power amplitude taper created across the reflector is therefore 


qM pt 
=] = cos" | — 
r' 2 
To compensate for this and obtain uniform illumination, the feed power must be 


G;(0') = 


1 ah ; 
——— = sec" |- }, 0' x 0, 
cos^(0//2) 2 


Through Example 15.1, uniform illumination and ideal taper, spillover and aperture 
efficiencies can be obtained when the feed power pattern is 


/ 


0 
Go sec? (5) 0 « 0' <0 
G,(0) = 2 (15-63) 


0 0' > 09 


whose normalized distribution is shown plotted in Figure 15.22. To accomplish this, the 
necessary value of Go is derived in Example 15.2. Although such a pattern is “ideal” 
and impractical to achieve, much effort has been devoted to develop feed designs which 
attempt to approximate it [14]. 


: 


o 


Gy (0") = sect &) 


E 


f Normalized gain pattern Gy (0") 


= Ls E 1 


40 30 20 10 0 10 20 30 40 


Observation angle 0' (degrees) 


Figure 15.22 Normalized gain pattern of feed for uniform amplitude illumination of 
paraboloidal reflector with a total subtended angle of 80°. 
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Example 15.2 


Show that a feed pattern of 


in conjunction with a parabolic reflector, leads to an ideal aperture efficiency of £ap = 1. 
Determine the value of Go that will accomplish this. 
Solution: The aperture efficiency of (15-55) reduces, using the given feed pattern, to 


0o 

(js) — °? at 

Em = CO (2) 
0 

= co? ($) Go 


2 


o 1 
/ VG,(@’) tan (2) do 
0 


8o 4 6g’ 6! J 
sec” | — | tan | — | d0 
0 2 2 


2 


(5) j iP 1 sin(6’/2) |, iP sin(0/2) _, 
—)d0v= ———— — ——— dv = —À.  — do 
9) o cos?(0//2) cos(0//2) o cos?(0//2) 
= =a — ] = Ea ($) — ] — tan? (2) 

cos? (09/2) 2 2 


Thus ^ 2 3 
Eap = Go cot? (2) tant (2) = Go tan? (2) 


To insure also an ideal spillover efficiency (e, = 1), all the power that is radiated by the 
feed must be contained within the angular region subtended by the edges of the reflector. 
Using (15-57), and assuming symmetry in the pattern with respect to $, we can write that 


2r LT m 
f f G , (0^) sin8' d0' do’ = 27 f G; (0) sin0' d6' = 47 
0 0 i ue— rx Q 


f G ; (0^) sin6’ do’ =2 
0 
Using the given feed pattern 


[2 
G s (0) = Go sec (2) 0 « 6' < 
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we can write that 


% 9' Oo 0' 
/ Go sec* [| — | sin0' d0' = Go 1 sec | — | sin6’ dé’ 22 
0 2 0 2 


2 2 2 
G= LL edu 
Ja” sec^(0' /2) sin 6" do’ 2 tan? (09/2) 2 


Thus the total aperture efficiency, taking into account uniform illumination and total spillover 
control, is 


0 0, 0 0 0 
Eap = Go cot? (2) tant (2) = Go tan? ($) = cot (2) tan? (2) = jl 


To develop guidelines for designing practical feeds which result in high aperture 
efficiencies, it is instructive to examine the relative field strength at the edges of the 
reflector’s bounds (6’ = 69) for patterns that lead to optimum efficiencies. For the 
patterns of (15-56), when used with reflectors that result in optimum efficiencies as 
demonstrated graphically in Figure 15.20, the relative field strength at the edges of 
their angular bounds (6’ = 69) is shown plotted in Figure 15.23. Thus for n = 2 the 
field strength of the pattern at 0' = 09 is 8 dB down from the maximum. As the 
pattern becomes more narrow (n increases), the relative field strength at the edges for 
maximum efficiency is further reduced as illustrated in Figure 15.20. Since for n = 2 
through n = 10 the field strength is between 8 to 10.5 dB down, for most practical 
feeds the figure used is 9—10 dB. 

Another parameter to examine for the patterns of (15-56), when used with reflectors 
that lead to optimum efficiency, is the amplitude taper or illumination of the main 
aperture of the reflector which is defined as the ratio of the field strength at the edge of 
the reflector surface to that at the vertex. The aperture illumination is a function of the 
feed pattern and the f/d ratio of the reflector. To obtain that, the ratio of the angular 
variation of the pattern toward the two points [G &(0' = 0)/G ,(0' = 69)] is multiplied 
by the space attenuation factor (ro/f)?, where f is the focal distance of the reflector 
and ro is the distance from the focal point to the edge of the reflector. For each of the 
patterns, the reflector edge illumination for maximum efficiency is nearly 11 dB down 
from that at the vertex. The details for 2 < n < 8 are shown in Table 15.1. 

The results obtained with the idealized patterns of (15-56) should only be taken as 
typical, because it was assumed that 


. the field intensity for 6’ > 90° was zero 

. the feed was placed at the phase center of the system 
. the patterns were symmetrical 

. there were no cross-polarized field components 

. there was no blockage 


Nn WN — 


. there were no random errors at the surface of the reflector 
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Figure 15.23 Relative field strength of feed pattern along reflector edge bounds as a function 
of primary-feed pattern number (cos" 0). (source: S. Silver (ed.), Microwave Antenna Theory 
and Design (MIT Radiation Lab. Series, Vol. 12), McGraw-Hill, New York, 1949) 


TABLE 15.1 Aperture Efficiency and Field Strength at the Edge of Reflector, Relative 
to That at the Vertex, due to the Feed Pattern (Feed) and Path Length (Path) between 
the Edge and the Vertex 


Path (dB) 
f Feed (dB) "m Total (dB) 
0, (deg) 1 10 log[G (0,)] 10 log G ) Feed + Path 


ar 0.8196 0.496 —8.8215 — 1.959 — 10.942 
fe 0.8171 0.5861 —9.4937 — 1.439 — 10.93 
rper Tm LE 


Each factor can have a significant effect on the efficiency, and each has received much 
attention which is well documented in the open literature [1]. 

In practice, maximum reflector efficiencies are in the 65—80% range. To demonstrate 
that, paraboloidal reflector efficiencies for square corrugated horns feeds were com- 
puted, and they are shown plotted in Figure 15.24. The corresponding amplitude taper 
and spillover efficiencies for the aperture efficiencies of Figures 15.20(a) and 15.24 are 
displayed, respectively, in Figures 15.20(b) and 15.25. For the data of Figure 15.24 
and 15.25, each horn had aperture dimensions of 8A x 8A, their patterns were assumed 
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Figure 15.24  Parabolic reflector aperture efficiency as a function of angular aperture for 
8A x 8A square corrugated horn feed with total flare angles of 2yo = 70^, 85^, and 100°. 
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Figure 15.25  Parabolic reflector taper and spillover efficiencies as a function of reflector aper- 
ture for different corrugated horn feeds. 


to be symmetrical (by averaging the E- and H-planes), and they were computed using 
the techniques of Section 13.6. From the plotted data, it is apparent that the maxi- 
mum aperture efficiency for each feed pattern is in the range of 74-79%, and that 
the product of the taper and spillover efficiencies is approximately equal to the total 
aperture efficiency. 

We would be remiss if we left the discussion of this section without reporting the 
gain of some of the largest reflectors that exist around the world [23]. The gains are 
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Figure 15.26 Gains of some worldwide large reflector antennas. (source: A. W. Love, 
“Some Highlights in Reflector Antenna Development’, Radio Science, Vol. 11, Nos. 8, 9, 
August—September 1976) 


shown in Figure 15.26 and include the 1,000-ft (305-m) diameter spherical reflector 
[12] at Arecibo, Puerto Rico, the 100-m radio telescope [15] at Effelsberg, West Ger- 
many, the 64-m reflector [16] at Goldstone, California, the 22-m reflector at Krim, 
USSR, and the 12-m telescope at Kitt Peak, Arizona. The dashed portions of the 
curves indicate extrapolated values. For the Arecibo reflector, two curves are shown. 
The 215-m diameter curve is for a reduced aperture of the large reflector (305-m) for 
which a line feed at 1,415 MHz was designed [12]. 


G. Phase Errors 

Any departure of the phase, over the aperture of the antenna, from uniform can lead 
to a significant diminution of its directivity [24]. For a paraboloidal reflector system, 
phase errors result from [17] 


1. displacement (defocusing) of the feed phase center from the focal point 

2. deviation of the reflector surface from a parabolic shape or random errors at the 
surface of the reflector 

3. departure of the feed wavefronts from spherical shape 


The defocusing effect can be reduced by first locating the phase center of the 
feed antenna and then placing it at the focal point of the reflector. In Chapter 13 
(Section 13.10) it was shown that the phase center for horn antennas, which are widely 
utilized as feeds for reflectors, is located between the aperture of the horn and the apex 
formed by the intersection of the inclined walls of the horn [25]. 

Very simple expressions have been derived [24] to predict the loss in directivity for 
rectangular and circular apertures when the peak values of the aperture phase deviation 


PARABOLIC REFLECTOR 923 


is known. When the phase errors are assumed to be relatively small, it is not necessary 

to know the exact amplitude or phase distribution function over the aperture. 
Assuming the maximum radiation occurs along the axis of the reflector, and that 

the maximum phase deviation over the aperture of the reflector can be represented by 


IAP Ol = 16(p) -é(p xm. psa (15-64) 


where $ (p) is the aperture phase function and $ (p) is its average value, then the ratio 
of the directivity with (D) and without (Do) phase errors can be written as [24] 


TETEN , 242 
D = AEAN w phase error t m^ (15-65) 
Do directivity without phase error ~ 
and the maximum fractional reduction in directivity as 
AD  Do-D 3 m? 
0 0 


Relatively simple expressions have also been derived [24] to compute the maximum 
possible change in half-power beamwidth. 


Example 15.3 


A 10-m diameter reflector, with an f/d ratio of 0.5, is operating at f = 3 GHz. The reflector 
is fed with an antenna whose primary pattern is symmetrical and which can be approximated 
by G y (07) = 6cos? 0'. Find its 


(a) aperture efficiency 

(b) overall directivity 

(c) spillover and taper efficiencies 

(d) directivity when the maximum aperture phase deviation is 77/8 rad 


Solution: Using (15-24), half of the subtended angle of the reflector is equal to 


acu 2393. | oss 


p um 
(0.5) 16 
(a) The aperture efficiency is obtained using (15-592). Thus 
€ap = 2A4(sin^(26.57^) + In[cos(26.57°)]}” cot^(26.57^) 
= (0175 = 13% 


which agrees with the data of Figure 15.20. 
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(b) The overall directivity is obtained by (15-54), or 
D = 0.75[2(100)]* = 74,022.03 = 48.69 dB 


(c) The spillover efficiency is computed using (15-61) where the upper limit of 
the integral in the denominator has been replaced by 2/2. Thus 


53.13? 
DATES / i 
cos’ 0 sin d0 3 4153.13? 
[enm . 2cos'0'|y 


;— = 0.784 = 78.4% 
2 cos? 6/7? i 


uS 
ji cos? 6’ sin 6’ do’ 
0 


In a similar manner, the taper efficiency is computed using (15-62). Since 
the numerator in (15-62) is identical in form to the aperture efficiency of 
(15-55), the taper efficiency can be found by multiplying (15-59a) by 2 and 
dividing by the denominator of (15-62). Thus 


| 2(0.75) 


isee 0.9566 = 95.66% 


Er 
The product of e, and e; is equal to 
€,€; = 0.784(0.9566) = 0.75 


and it is identical to the total aperture efficiency computed above. 
(d 


— 


The directivity for a maximum phase error of m = 2/8 = 0.3927 rad can 
be computed using (15-65). Thus 


D 2d 0.3927? * 
c e fecic ca | ee er REUS 
Do 2 2 


or D > 0.8517 Do = 0.8517(74,022.03) = 63,046.94 = 48.0 dB 


Surface roughness effects on the directivity of the antenna were first examined by 
Ruze [26] where he indicated that for any reflector antenna there is a wavelength (Amax) 
at which the directivity reaches a maximum. This wavelength depends on the RMS 
deviation (o) of the reflector surface from an ideal paraboloid. For a random roughness 
of Gaussian distribution, with correlation interval large compared to the wavelength, 
they are related by 


Àmax = 476 (15-67) 


Thus the directivity of the antenna, given by (15-54), is modified to include surface 
roughness and can be written as 


zdy? —(4r0/2)2 
D= ce Eape (15-68) 
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Using (15-67), the maximum directivity of (15-68) can be written as 


(15-69) 
where q is the index of smoothness defined by 
d 
— = 0*4 (15-70) 
o 


In decibels, (15-69) reduces to 


Dmax (dB) = 20q — 16.38 + 10 logy (€ap) (15-71) 


For an aperture efficiency of unity (€ap = 1), the directivity of (15-68) is plotted 
in Figure 15.27, as a function of (d/A), for values of q = 3.5, 4.0, and 4.5. It is 
apparent that for each value of q and a given reflector diameter d, there is a maximum 
wavelength where the directivity reaches a maximum value. This maximum wavelength 
is given by (15-67). 


H. Feed Design 

The widespread use of paraboloidal reflectors has stimulated interest in the develop- 
ment of feeds to improve the aperture efficiency and to provide greater discrimination 
against noise radiation from the ground. This can be accomplished by developing design 


80 
60 
a 
RD 
a 
E 40 
Earn 
3 
2 
A D= dy g- nol? 
x 
20 - d } 1 
0 Lilir pi tii l 


] 1-1 
10 20 50 100 200 500 1000 2000 5000 10,000 
Diameter to wavelength ratio (d/A) 
Figure 15.27 Reflector surface roughness effects on antenna directivity. (source: A. W. Love, 


“Some Highlights in Reflector Antenna Development,” Radio Science, Vol. 11, Nos. 8, 9, 
August—September 1976) 
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techniques that permit the synthesis of feed patterns with any desired distribution over 
the bounds of the reflector, rapid cutoff at its edges, and very low minor lobes in all 
the other space. In recent years, the two main problems that concerned feed designers 
were aperture efficiency and low cross-polarization. 

In the receiving mode, an ideal feed and a matched load would be one that would 
absorb all the energy intercepted by the aperture when uniform and linearly polarized 
plane waves are normally incident upon it. The feed field structure must be made to 
match the focal region field structure formed by the reflecting, scattering, and diffract- 
ing characteristics of the reflector. By reciprocity, an ideal feed in the transmitting 
mode would be one that radiates only within the solid angle of the aperture and estab- 
lishes within it an identical outward traveling wave. For this ideal feed system, the 
transmitting and receiving mode field structures within the focal region are identical 
with only the direction of propagation reversed. 

An optical analysis indicates that the focal region fields, formed by the reflection of 
linearly polarized plane waves incident normally on an axially symmetric reflector, are 
represented by the well-known Airy rings described mathematically by the amplitude 
distribution intensity of [2J,(u)/u]?. This description is incomplete, because it is a 
scalar solution, and it does not take into account polarization effects. In addition, it 
is valid only for reflectors with large f/d ratios, which are commonly used in optical 
systems, and it would be significantly in error for reflectors with f/d ratios of 0.25 to 
0.5, which are commonly used in microwave applications. 

A vector solution has been developed [27] which indicates that the fields near 
the focal region can be expressed by hybrid TE and TM modes propagating along 
the axis of the reflector. This representation provides a clear physical picture for the 
understanding of the focal region field formation. The boundary conditions of the hybrid 
modes indicate that these field structures can be represented by a spectrum of hybrid 
waves that are linear combinations of TE;, and TM; modes of circular waveguides. 

A single hollow pipe cannot simultaneously satisfy both the TE and TM modes 
because of the different radial periodicities. However, it has been shown that 1/4 deep 
annular slots on the inner surface of a circular pipe force the boundary conditions 
on E and H to be the same and provide a single anisotropic reactance surface which 
satisfies the boundary conditions on both TE and TM modes. This provided the genesis 
of hybrid mode waveguide radiators [28] and corrugated horns [29]. Corrugated horns, 
whose aperture size and flare angle are such that at least 180° phase error over their 
aperture is assured, are known as “scalar” horns [30]. Design data for uncorrugated 
horns that can be used to maximize the aperture efficiency or to produce maximum 
power transmission to the feed have been calculated [31] and are shown in graphical 
form in Figure 15.28. 

A FORTRAN software package for computer-aided analysis and design of reflector 
antennas has been developed [32]. A converted MATLAB version of it is included 
in the CD attached to the book. The program computes the radiation of a parabolic 
reflector. In addition it provides spatial and spectral methods to compute radiation due 
to an aperture distribution. The software package can also be used to investigate the 
directivity, sidelobe level, polarization, and near-to-far-zone fields. 


15.4.2 Cassegrain Reflectors 


To improve the performance of large ground-based microwave reflector antennas for 
satellite tracking and communication, it has been proposed that a two-reflector system 
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Figure 15.28 Optimum pyramidal horn dimensions versus f/d ratio for various horn lengths. 


be utilized. The arrangement suggested was the Cassegrain dual-reflector system [33] 
of Figure 15.1(d), which was often utilized in the design of optical telescopes and it 
was named after its inventor. To achieve the desired collimation characteristics, the 
larger (main) reflector must be a paraboloid and the smaller (secondary) a hyperboloid. 
The use of a second reflector, which is usually referred to as the subreflector or subdish, 
gives an additional degree of freedom for achieving good performance in a number of 
different applications. For an accurate description of its performance, diffraction tech- 
niques must be used to take into account diffractions from the edges of the subreflector, 
especially when its diameter is small [34]. 
In general, the Cassegrain arrangement provides a variety of benefits, such as the 


ability to place the feed in a convenient location 
reduction of spillover and minor lobe radiation 
ability to obtain an equivalent focal length much greater than the physical length 


TUS pes 


capability for scanning and/or broadening of the beam by moving one of the 
reflecting surfaces 


To achieve good radiation characteristics, the subreflector or subdish must be several, 
at least a few, wavelengths in diameter. However, its presence introduces shadowing 
which is the principal limitation of its use as a microwave antenna. The shadowing 
can significantly degrade the gain of the system, unless the main reflector is several 
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wavelengths in diameter. Therefore the Cassegrain is usually attractive for applications 
that require gains of 40 dB or greater. There are, however, a variety of techniques that 
can be used to minimize aperture blocking by the subreflector. Some of them are 
[33] (1) minimum blocking with simple Cassegrain, and (2) twisting Cassegrains for 
least blocking. 

The first comprehensive published analysis of the Cassegrain arrangement as a 
microwave antenna is that by Hannan [33]. He uses geometrical optics to derive the 
geometrical shape of the reflecting surfaces, and he introduces the equivalence concepts 
of the virtual feed and the equivalent parabola. Although his analysis does not predict 
fine details, it does give reasonably good results. Refinements to his analysis have been 
introduced [34]- [36]. 

To improve the aperture efficiency, suitable modifications to the geometrical shape 
of the reflecting surfaces have been suggested [37]— [39]. The reshaping of the reflecting 
surfaces is used to generate desirable amplitude and phase distributions over one or both 
of the reflectors. The resultant system is usually referred to as shaped dual reflector. The 
reflector antenna of Figure 15.9 is such a system. Shaped reflector surfaces, generated 
using analytical models, are illustrated in [39]. It also has been suggested [35] that a 
flange is placed around the subreflector to improve the aperture efficiency. 

Since many reflectors have dimensions and radii of curvature large compared to the 
operating wavelength, they were traditionally designed based on geometrical optics 
(GO) [39]. Both the single- and double-reflector (Cassegrain) systems were designed 
to convert a spherical wave at the source (focal point) into a plane wave. Therefore 
the reflecting surfaces of both reflector systems were primarily selected to convert the 
phase of the wavefront from spherical to planar. However, because of the variable 
radius of curvature at each point of reflection, the magnitude of the reflected field is 
also changed due to spatial attenuation or amplitude spreading factor [40] or diver- 
gence factor (4-131) of Section 4.8.3, which are functions of the radius of curvature 
of the surface at the point of reflection. This ultimately leads to amplitude taper of the 
wavefront at the aperture plane. This is usually undesirable, and it can sometimes be 
compensated to some extent by the design of the pattern of the feed element or of the 
reflecting surface. 

For a shaped-dual reflector system, there are two surfaces or degrees of freedom that 
can be utilized to compensate for any variations in the phase and amplitude of the field 
at the aperture plane. To determine how each surface may be reshaped to control the 
phase and/or amplitude of the field at the aperture plane, let us use geometrical optics 
and assume that the field radiated by the feed (pattern) is represented, both in amplitude 
and phase, by a bundle of rays which has a well-defined periphery. This bundle of rays 
is initially intercepted by the subreflector and then by the main reflector. Ultimately 
the output, after two reflections, is also a bundle of rays with prescribed phase and 
amplitude distributions, and a prescribed periphery, as shown in Figure 15.29(a) [41 ]. 
It has been shown in [42] that for a two-reflector system with high magnification (i.e., 
large ratio of main reflector diameter to subreflector diameter) that over the aperture 
plane the 


(a) amplitude distribution is controlled largely by the subreflector curvature. 
(b) phase distribution is controlled largely by the curvature of the main reflector. 


Therefore in a Cassegrain two-reflector system the reshaping of the paraboloid main 
reflector can be used to optimize the phase distribution while the reshaping of the 
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Figure 15.29 Geometrical optics for the reshaping and synthesis of the reflectors of a 
Cassegrain system. (source: R. Mittra and V. Galindo-Israel “Shaped Dual Reflector Synthesis,” 
IEEE Antennas and Propagation Society Newsletter, Vol. 22, No. 4, pp. 5—9, August 1980. © 
(1980) IEEE) 


hyperboloid subreflector can be used to control the amplitude distribution. This was 
used effectively in [42] to design a shaped two-reflector system whose field reflected by 
the subreflector had a nonspherical phase but a csc^(0/2) amplitude pattern. However, 
the output from the main reflector had a perfect plane wave phase front and a very 
good approximate uniform amplitude distribution, as shown in Figure 15.29(b). 

Because a comprehensive treatment of this arrangement can be very lengthy, only a 
brief introduction of the system will be presented here. The interested reader is referred 
to the referenced literature. 


A. Classical Cassegrain Form 

The operation of the Cassegrain arrangement can be introduced by referring to 
Figure 15.1(d) and assuming the system is operating in the receiving or transmitting 
mode. To illustrate the principle, a receiving mode is adopted. 
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Let us assume that energy, in the form of parallel rays, is incident upon the reflector 
system. Energy intercepted by the main reflector, which has a large concave surface, 
is reflected toward the subreflector. Energy collected by the convex surface of the 
subdish is reflected by it, and it is directed toward the vertex of the main dish. If the 
incident rays are parallel, the main reflector is a paraboloid, and the subreflector is a 
hyperboloid, then the collected bundle of rays is focused at a single point. The receiver 
is then placed at this focusing point. 

A similar procedure can be used to describe the system in the transmitting mode. 
The feed is placed at the focusing point, and it is usually sufficiently small so that the 
subdish is located in its far-field region. In addition, the subreflector is large enough that 
it intercepts most of the radiation from the feed. Using the geometrical arrangement of 
the paraboloid and the hyperboloid, the rays reflected by the main dish will be parallel. 
The amplitude taper of the emerging rays is determined by the feed pattern and the 
tapering effect of the geometry. 

The geometry of the classical Cassegrain system, employing a concave paraboloid 
as the main dish and a convex hyperboloid as the subreflector, is simple and it can 
be described completely by only four independent parameters (two for each reflector). 
The analytical details can be found in [33]. 

To aid in the understanding and in predicting the essential performance of a 
Cassegrain, the concept of virtual feed [33] is useful. By this principle, the real feed 
and the subreflector are replaced by an equivalent system which consists of a virtual 
feed located at the focal point of the main reflector, as shown by the dashed lines 
of Figure 15.30(a). For analysis purposes then, the new system is a single-reflector 
arrangement with the original main dish, a different feed, and no subreflector. 

The configuration of the virtual feed can be determined by finding the optical image 
of the real feed. This technique is only accurate when examining the effective aperture 
of the feed and when the dimensions of the real and virtual feeds are larger than a 
wavelength. In fact, for the classical Cassegrain arrangement of Figure 15.30(a), the 
virtual feed has a smaller effective aperture, and a corresponding broader beamwidth, 
than the real feed. The increase in beamwidth is a result of the convex curvature of the 
subreflector, and it can be determined by equating the ratio of the virtual to real-feed 
beamwidths to the ratio of the angles 6, /6,. 

The ability to obtain a different effective aperture for the virtual feed as compared to 
that of the real feed is useful in many applications such as in a monopulse antenna [33]. 
To maintain efficient and wideband performance and effective utilization of the main 
aperture, this system requires a large feed aperture, a corresponding long focal length, 
and a large antenna structure. The antenna dimensions can be maintained relatively 
small by employing the Cassegrain configuration which utilizes a large feed and a 
short focal length for the main reflector. 

Although the concept of virtual feed can furnish useful qualitative information for 
a Cassegrain system, it is not convenient for an accurate quantitative analysis. Some 
of the limitations of the virtual-feed concept can be overcome by the concept of the 
equivalent parabola [33]. 

By the technique of the equivalent parabola, the main dish and the subreflector are 
replaced by an equivalent focusing surface at a certain distance from the real focal 
point. This surface is shown dashed in Figure 15.30(b), and it is defined as [33] “the 
locus of intersection of incoming rays parallel to the antenna axis with the extension 
of the corresponding rays converging toward the real focal point.” Based on simple 
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Figure 15.30  Virtual-feed and equivalent parabola concepts. (source: P. W. Hannan, 


“Microwave Antennas Derived from the Cassegrain Telescope," JRE Trans. Antennas Propagat. 
Vol. AP-9, No. 2, March 1961. © (1961) IEEE) 


geometrical optics ray tracing, the equivalent focusing surface for a Cassegrain con- 
figuration is a paraboloid whose focal length equals the distance from its vertex to 
the real focal point. This equivalent system also reduces to a single-reflector arrange- 
ment, which has the same feed but a different main reflector, and it is accurate when 
the subreflector is only a few wavelengths in diameter. More accurate results can be 
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obtained by including diffraction patterns. It also has the capability to focus toward 
the real focal point an incoming plane wave, incident from the opposite direction, in 
exactly the same manner as the actual main dish and the subreflector. 


B. Cassegrain and Gregorian Forms 

In addition to the classical Cassegrain forms, there are other configurations that employ 
a variety of main reflector and subreflector surfaces and include concave, convex, and 
flat shapes [33]. In one form, the main dish is held invariant while its feed beamwidth 
progressively increases and the axial dimensions of the antenna progressively decrease. 
In another form, the feed beamwidth is held invariant while the main reflector becomes 
progressively flatter and the axial dimensions progressively increase. 

A series of configurations in which the feed beamwidth is progressively increased, 
while the overall antenna dimensions are held fixed, are shown in Figure 15.31. The 
first five are referred to as Cassegrain forms while the last two are Gregorian forms, 
whose configurations are similar to the Gregorian telescope. A number of parameter 
ranges, along with distinguishing characteristics, are indicated alongside each config- 
uration sketch. The main dish for the fourth configuration has degenerated to a flat 
contour, the subreflector to a parabolic contour, and they can be separated by distances 
where the ray-tracing approximation is valid. For the fifth configuration, the subreflec- 
tor has degenerated to a ridiculous extreme concave elliptical contour and the main 
dish to a convex parabolic form, with the former being larger than the latter. 

For the last two configurations, which are referred to as Gregorian forms, the focal 
point of the main dish has moved to the region between the two dishes and the sub- 
reflector has attained a concave elliptical contour. When the overall size and the feed 
beamwidth of the classical Gregorian are identical to those of the classical Cassegrain, 
the Gregorian form requires a shorter focal length for the main dish. The feed for the 
second of the Gregorian forms has moved to a location between the focus of the main 
dish and the subreflector while the main dish has kept the same dimensions as the 
first form. In general, this configuration has several major disadvantages that make it 
unattractive for many antenna applications. 

From the data in Figure 15.31, the relative sizes of the effective apertures of the 
virtual and real feeds can be inferred. When the subreflector is flat, the real and virtual 
feeds are identical. The virtual feeds of the Cassegrain configurations, which have a 
concave subreflector, possess smaller beamwidths and larger effective apertures than 
their corresponding real feeds. However, the virtual feed of the classical Gregorian 
configuration, which also has a concave subreflector, possesses an effective aperture 
which is smaller than that of the real feed. 

The equivalent parabola concept is applicable to all the Cassegrain and Gregorian 
forms, and they are shown dashed in Figure 15.31. The classical Cassegrain and Gre- 
gorian configurations have equivalent focal lengths which are greater than the focal 
lengths of the corresponding main dishes. For the Cassegrain arrangement with the 
flat subreflector, the equivalent focal length is equal to the focal length of the main 
dish. In general, the equivalent focal lengths of the Cassegrain configurations which 
have a concave subreflector are shorter than the focal lengths of their corresponding 
main dishes. For the configuration with the flat main dish, the equivalent parabola is 
identical with the subreflector. 

The equivalent parabola concept can also be used to determine the amplitude taper 
across the aperture of a Cassegrain arrangement. As for the front-fed configuration, the 
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Figure 15.31 Series of Cassegrain and Gregorian reflector forms. (source: P. W. Hannan, 
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amplitude taper or aperture illumination is determined by the radiation pattern of the 
feed modified by the space attenuation factor of the reflector. The amplitude taper of a 
Cassegrain configuration is identical to that of a front-fed arrangement whose feed is 
the actual feed and whose focal length is the equivalent focal length. In other words, 
the process is identical to that of a front-fed configuration except that the equivalent 
fe/d ratio is used. 


15.5 SPHERICAL REFLECTOR 


The discussion and results presented in the previous sections illustrate that a 
paraboloidal reflector is an ideal collimating device. However, despite all of its 
advantages and many applications it is severely handicapped in angular scanning. 
Although scanning can be accomplished by (1) mechanical rotation of the entire 
structure, and (2) displacement of the feed alone, it is thwarted by the large mechanical 
moment of inertia in the first case and by the large coma and astigmatism in the second. 
By contrast, the spherical reflector can make an ideal wide-angle scanner because of 
its perfectly symmetrical geometrical configuration. However, it is plagued by poor 
inherent collimating properties. If, for example, a point source is placed at the focus of 
the sphere, it does not produce plane waves. The departure of the reflected wavefront 
from a plane wave is known as spherical aberration, and it depends on the diameter and 
focal length of the sphere. By reciprocity, plane waves incident on a spherical reflector 
surface parallel to its axis do not converge at the focal point. However a spherical 
reflector has the capability of focusing plane waves incident at various angles by 
translating and orientating the feed and by illuminating different parts of the structural 
geometry. The 1,000-ft diameter reflector [12] at Arecibo, Puerto Rico is a spherical 
reflector whose surface is built into the earth and the scanning is accomplished by 
movement of the feed. 

The focusing characteristics of a typical spherical reflector is illustrated in 
Figure 15.32 for three rays. The point F in the figure is the paraxial focus, and it 
is equal to one-half the radius of the sphere. The caustic* surface is an epicycloid and 
is generated by the reflection of parallel rays. A degenerate line FV of this caustic is 
parallel to the incident rays and extends from the paraxial focus to the vertex of the 
reflector. If one draws a ray diagram of plane waves incident within a 120° cone, it 
will be shown that all energy must pass through the line FV. Thus, the line FV can be 
used for the placement of the feed for the interception of plane waves incident parallel 
to the axial line. It can thus be said that a spherical reflector possesses a line focus 
instead of a point. However, amplitude and phase corrections must be made in order 
to realize maximum antenna efficiency. 

Ashmead and Pippard [43] proposed to reduce spherical aberration and to minimize 
path error by placing a point-source feed not at the paraxial focus F (half radius of the 
sphere), as taught in optics, but displaced slightly toward the reflector. For an aperture 
of diameter d, the correct location for placing a point source is a distance fo from the 


*A caustic is a point, a line, or a surface through which all the rays in a bundle pass and where the intensity 
is infinite. The caustic also represents the geometrical loci of all the centers of curvature of the wave 
surfaces. Examples of it include the focal line for cylindrical parabolic reflector and the focal point of a 
paraboloidal reflector. 
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Figure 15.32 Spherical reflector geometry and rays that form a caustic. 


vertex such that the maximum path error value is [43] 


(15-72) 


and the maximum phase error does not differ from a paraboloid by more than one- 
eighth of a wavelength. This, however, leads to large f/d and to poor area utilization. 
A similar result was obtained by Li [44]. He stated that the total phase error (sum of 
maximum absolute values of positive and negative phase errors) over an aperture of 
radius a is least when the phase error at the edge of the aperture is zero. Thus the 


optimum focal length is 
1 
Sop = a +v R? — a?) (15-73) 


R = radius of the spherical reflector 
a = radius of the utilized aperture 


where 


Thus when R = 2a, the optimum focal length is 0.4665R and the corresponding total 
phase error, using the formula found in [44], is 0.02643(R/à) rad. Even though the 
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optimum focal length leads to minimum total phase error over a prescribed aperture, 
it does not yield the best radiation pattern when the illumination is not uniform. For 
a tapered amplitude distribution, the focal length that yields the best radiation pattern 
will be somewhat longer, and in practice, it is usually determined by experiment. Thus 
for a given maximum aperture size there exists a maximum value of total allowable 
phase error, and it is given by [44] 


4 _ (A / X)iotal 
EM cM (15-74) 


where (A/A) is the total phase error in wavelengths. 


Example 15.4 


A spherical reflector has a 10-ft diameter. If at 11.2 GHz the maximum allowable phase 
error is 4/16, find the maximum permissible aperture. 
Solution: At f = 11.2 GHz 


À — 0.08788 ft 


4 1/1 
(2) = 14.7( Dd ) = 001615 
Rimer 56.8957 


a^ ~ 10.09 
a — 1.78 ft 


To overcome the shortcoming of a point feed and minimize spherical aberration, 
Spencer, Sletten, and Walsh [45] were the first to propose the use of a line-source 
feed. Instead of a continuous line source, a set of discrete feed elements can be used 
to reduce spherical aberration when they are properly placed along the axis in the 
vicinity of the paraxial focus. The number of elements, their position, and the portion 
of the reflector surface which they illuminate is dictated by the allowable wavefront 
distortion, size, and curvature of the reflector. This is shown in Figure 15.33 [46]. A 
single feed located near the paraxial focus will illuminate the central portion of the 
reflector. If the reflector is large, additional feed elements along the axis toward the 
vertex will be needed to minimize the phase errors in the aperture. The ultimate feed 
design will be a compromise between a single element and a line-source distribution. 

An extensive effort has been placed on the analysis and experiment of spherical 
reflectors, and most of it can be found well documented in a book of reprinted papers 
[1]. In addition, a number of two-dimensional patterns and aperture plane constant 
amplitude contours, for symmetrical and offset feeds, have been computed [20]. 


15.6 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 
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Figure 15.33 Reflector illumination by feed sections placed between paraxial focus and vertex. 
(source: A. C. Schell, “The Diffraction Theory of Large-Aperture Spherical Reflector Antennas,” 
IRE Trans. Antennas Propagat., Vol. AP-11, No. 4, July 1963. © (1963) IEEE) 


a. Java-based interactive questionnaire, with answers. 

b. Matlab computer program, designated Reflector, for computing and displaying 
the radiation characteristics of a paraboloidal reflector. 

c. Power Point (PPT) viewgraphs, in multicolor. 
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PROBLEMS 


15.1. An infinite line source, of constant electric current /o, is placed a distance s 


above a flat and infinite electric ground plane. Derive the array factor. 


15.2. For corner reflectors with included angles of a = 60°, 45^, and 30°: 


(a) Derive the array factors of (15-7)—(15-9b). 
(b) Plot the field strength along the axis (0 = 90°, $ = 0°) as a function of 
the feed-to-vertex spacing, 0 < s/A < 10. 
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15.3. 


15.4. 


15.5. 


15.6. 


15.7. 


15.8. 


15.9. 
15.10. 
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Consider a corner reflector with an included angle of a = 36°. 

(a) Derive the array factor. 

(b) Plot the relative field strength along the axis (0 = 90°, $ = 0°) as a func- 
tion of the feed-to-vertex spacing s, for 0 < s/A < 10. 

(c) Determine the spacing that yields the first maximum possible field strength 
along the axis. For this spacing, what is the ratio of the field strength 
of the corner reflector along the axis to the field strength of the feed 
element alone? 

(d) For the spacing in part c, plot the normalized power pattern in the 
azimuthal plane (0 = 90°). 


A 60° corner reflector, in conjunction with a A/2 dipole feed, is used in 
a radar tracking system. One of the requirements for such a system is that 
the antenna, in one of its modes of operation, has a null along the forward 
symmetry axis. In order to accomplish this, what should be the feed spacing 
from the vertex (in wavelengths)? To get credit, give all the possible values 
of the feed-to-vertex spacing. 


For a parabolic reflector, derive (15-25) which relates the f/d ratio to its 
subtended angle 6. 


Show that for a parabolic reflector 

(a) 0 < f/d x 0.25 relates to 180° > 0) > 90° 

(b) 0.25 < f/d < oo relates to 90° > 6 > 0° 

The diameter of a paraboloidal reflector antenna (dish), used for public tele- 


vision stations, is 10 meters. Find the far-zone distance if the antenna is used 
at 2 and 4 GHz. 


Show that the directivity of a uniformly illuminated circular aperture of diam- 
eter d is equal to (1d/A)?. 


Verify (15-33) and (15-332). 
The field radiated by a paraboloidal reflector with an f/d ratio of 0.5 is given by 


E = (â, + â, sing cos 9) f(r, 0, 9) 


where the x-component is the co-pol and the y-component is the cross-pol. 

(a) At what observation angle(s) (in degrees) (0° — 180°) is the cross-pol 
minimum? What is the minimum value? 

(b) At what observation angle(s) (in degrees) (0° — 180°) is the cross-pol 
maximum? What is the maximum value? 

(c) What is the polarization loss factor when the receiving antenna is linearly 
polarized in the x-direction. 

(d) What is the polarization loss factor when the receiving antenna is linearly 
polarized in the y-direction. 

(e) What should the polarization of the receiving antenna be in order to elimi- 
nate the losses due to polarization? Write an expression for the polarization 
of the receiving antenna to achieve this. 


15.11. 
15.12. 


15.13. 


15.14. 


15.15. 


15.16. 
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Verify (15-49) and (15-54). 


A small parabolic reflector (dish) of revolution, referred to as a paraboloid, 
is now being advertised as a TV antenna for direct broadcast. Assuming the 
diameter of the reflector is 1 meter, determine at 3 GHz the directivity (in dB) 
of the antenna if the feed is such that 

(a) the illumination over the aperture is uniform (ideal) 


(b) the taper efficiency is 80% while the spillover efficiency is 85%. Assume 
no other losses. What is the total aperture efficiency of the antenna (in dB)? 


The 140-ft (42.672-m) paraboloidal reflector at the National Radio Astronomy 

Observatory, Green Bank, W. Va, has an f/d ratio of 0.4284. Determine the 

(a) subtended angle of the reflector 

(b) aperture efficiency assuming the feed pattern is symmetrical and its gain 
pattern is given by 2 cos?(0'/2), where 6’ is measured from the axis of 
the reflector 

(c) directivity of the entire system when the antenna is operating at 10 GHz, 
and it is illuminated by the feed pattern of part (b) 

(d) directivity of the entire system at 10 GHz when the reflector is illuminated 


by the feed pattern of part (b) and the maximum aperture phase deviation 
is 7/16 rad 


A paraboloidal reflector has an f/d ratio of 0.38. Determine 

(a) which cos"0' symmetrical feed pattern will maximize its aperture 
efficiency 

(b) the directivity of the reflector when the focal length is 10A 

(c) the value of the feed pattern in dB (relative to the main maximum) along 
the edges of the reflector. 


The diameter of an educational TV station reflector is 10 meters. It is desired 
to design the reflector at 1 GHz with a f/d ratio of 0.5. The pattern of the feed 
is given by 
3.4286 cos^(0'/2) 0 « 0' « x/2 
Gr= 
: 0 Elsewhere 
Assume a symmetrical pattern in the ¢' direction. Determine the following: 
(a) Total subtended angle of the reflector (in degrees) 
(b) Aperture efficiency (in 96) 
(c) Directivity of the reflector (dimensionless and in dB). 
A 10-m diameter earth-based paraboloidal reflector antenna, which is used for 


satellite television, has a f/d ratio of 0.433. Assuming the amplitude gain 
pattern of the feed is rotationally symmetric in $' and is given by 


f Go cos? (0'/2) 0° < 6’ < 90° 
GO ,o) = 
elsewhere 


where Go is a constant, determine the 
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(a) total subtended angle of the reflector (in degrees) 
(b) value of Go. 
(c) aperture efficiency (in %). 


A 10-m diameter earth-based paraboloidal reflector antenna, which is used 

for satellite television, has a total subtended angle of 120°. Assuming the 

amplitude gain pattern of the feed is rotationally symmetric in ¢ and is given 
by 

Go cos*(6'/2) 0° < 8' < 90° 

G;(8)— í 


Elsewhere 
where Go is a constant, determine the 
(a) value of Go 


(b) taper efficiency (in 96). 
Compare the aperture efficiency of the above pattern with that of 


G,(8)— 


Gocos?(0 0° « 6’ « 90° 
Elsewhere 


Which of the two patterns’ aperture efficiency is lower, and why. Explain 
the why by comparing qualitatively the corresponding taper and spillover 
efficiencies, and thus the aperture efficiency, of the two feed patterns; do this 
without calculating the taper and spillover efficiencies. 


The symmetrical feed pattern for a paraboloidal reflector is given by 


0' 
Go cos? (5) 0 « 6' « n/2 
G; = 2 


0 elsewhere 


where Go is a constant. 
(a) Evaluate the constant Go. 
(b) Derive an expression for the aperture efficiency. 


(c) Find the subtended angle of the reflector that will maximize the aperture 
efficiency. What is the maximum aperture efficiency? 


A paraboloidal reflector is operating at a frequency of 5 GHz. It is 8 meters 
in diameter, with an f/d ratio of 0.25. It is fed with an antenna whose primary 
pattern is symmetrical and which can be approximated by 


: 10cost6’ 0«0' « 1/2 
in 0 elsewhere 
Find its 
(a) aperture efficiency 
(b) overall directivity 


15.20. 


15.21. 


15.22. 


15.23. 
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(c) spillover efficiency 
(d) taper efficiency 


A parabolic reflector has a diameter of 10 meters and has an included angle of 
0 = 30°. The directivity at the operating frequency of 25 GHz is 5,420,000. 
The phase efficiency, polarization efficiency, blockage efficiency, and random 
error efficiency are all 100%. The feed has a phi-symmetric pattern given by 


Gocos!0 0^ 0° < 6’ « 90° 
G,-— 
0 elsewhere 


Find the taper, spillover, and overall efficiencies. 


A 10-meter diameter paraboloidal reflector is used as a TV satellite antenna. 
The focus-to-diameter ratio of the reflector is 0.536 and the pattern of the feed 
in the forward region can be approximated by cos? (0). Over the area of the 
reflector, the incident power density from the satellite can be approximated 
by a uniform plane wave with a power density of 10 j:watts/m?. At a center 
frequency of 9 GHz: 


(a) What is the maximum directivity of the reflector (in dB)? 


(b) Assuming no losses of any kind, what is the maximum power that can be 
delivered to a TV receiver connected to the reflector through a lossless 
transmission line? 


A 3-meter diameter parabolic reflector is used as a receiving antenna for satel- 
lite television reception at 5 GHz. The reflector is connected to the television 
receiver through a 78-ohm coaxial cable. The aperture efficiency is approxi- 
mately 7596. Assuming the maximum incident power density from the satellite 
is 10 microwatts/square meter and the incident wave is polarization-matched 
to the reflector antenna, what is the: 


(a) Directivity of the antenna (in dB) 


(b) Maximum power (in watts) that can be delivered to the receiving TV? 
Assume no losses. 

(c) Power (in watts) delivered to the receiving TV if the reflection coefficient 
at the transmission line/receiving TV terminal junction is 0.2. Assume no 
other losses. 


A reflector antenna with a total subtended angle of 120^ is illuminated at 
10 GHz with a specially designed feed so that its aperture efficiency is nearly 
unity. The focal distance of the reflector is 5 meters. Assuming the radiation 
pattern is nearly symmetric, determine the: 


(a) Half-power beamwidth (in degrees). 

(b) Sidelobe level (in dB). 

(c) Directivity (in dB). 

(d) Directivity (in dB) based on Kraus' formula and Tai & Pereira's formula. 


(e) Loss in directivity (in dB) if the surface has rms random roughness of 
0.64 mm. 
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A front-fed paraboloidal reflector with an f/d radio of 0.357, whose diameter 
is 10 meters and which operates at 10 GHz, is fed by an antenna whose 
power pattern is rotationally symmetric and it is represented by cos?(0/2). 
All the power is radiated in the forward region (0° « 6’ < 90°) of the feed. 
Determine the 


(a) spillover efficiency 

(b) taper efficiency 

(c) overall aperture efficiency 

(d) directivity of the reflector (in dB) 

(e) directivity of the reflector (in dB) if the RMS, reflector surface deviation 
from an ideal paraboloid is 4/100. 


Design pyramidal horn antennas that will maximize the aperture efficiency or 
produce maximum power transmission to the feed, for paraboloidal reflectors 
with f/d ratios of 


(a) 0.50 
(b) 0.75 
(c) 1.00 
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Smart Antennas 


16.1 INTRODUCTION 


Over the last decade, wireless technology has grown at a formidable rate, thereby 
creating new and improved services at lower costs. This has resulted in an increase 
in airtime usage and in the number of subscribers. The most practical solution to this 
problem is to use spatial processing. As Andrew Viterbi, founder of Qualcomm Inc., 
clearly stated: “Spatial processing remains as the most promising, if not the last frontier, 
in the evolution of multiple access systems" [1]. 

Spatial processing is the central idea of adaptive antennas or smart-antenna sys- 
tems. Although it might seem that adaptive antennas have been recently discovered, 
they date back to World War II with the conventional Bartlett beamformer [2]. It is 
only of today's advancement in powerful low-cost digital signal processors, general- 
purpose processors (and ASICs—Application-Specific Integrated Circuits), as well 
as innovative software-based signal-processing techniques (algorithms), that smart- 
antenna systems have received enormous interest worldwide. In fact, many overviews 
and tutorials [1]-[14] have emerged, and a great deal of research is being done on the 
adaptive and direction-of-arrival (DOA) algorithms for smart-antenna systems [15], 
[16]. As the number of users and the demand for wireless services increases at an 
exponential rate, the need for wider coverage area and higher transmission quality 
rises. Smart-antenna systems provide a solution to this problem. 

This chapter presents an introduction and general overview of smart-antenna sys- 
tems. First, it gives the reader an insight on smart-antenna systems using the human 
auditory system as an analogy. Then, it presents the purpose for smart antennas by 
introducing the cellular radio system and its evolution. A brief overview of sig- 
nal propagation is given to emphasize the need for smart-antenna systems. These 
topics are followed by antenna array theory, time of arrival and adaptive digital pro- 
cessing algorithms, mutual coupling, mobile ad hoc networks, antenna design, and 
simulation and impact of antenna designs on network capacity/throughput and com- 
munication channel bit-error-rate (BER). Material of this chapter is extracted from 
[17]- [22]. More extensive discussion and details on each topic can be found in [17] 
and other sources. 


Antenna Theory: Analysis Design, Third Edition, by Constantine A. Balanis 
ISBN 0-471-66782-X Copyright © 2005 John Wiley & Sons, Inc. 
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16.2 SMART-ANTENNA ANALOGY 


The functionality of many engineering systems is readily understood when it is related 
to our human body system [3]. Therefore, to give an insight into how a smart-antenna 
system works, let us imagine two persons carrying on a conversation inside a dark room 
[refer to Figure 16.1(a)]. The listener among the two persons is capable of determining 
the location of the speaker as he moves about the room because the voice of the 
speaker arrives at each acoustic sensor, the ear, at a different time. The human signal 
processor, the brain, computes the direction of the speaker from the time differences 
or delays of the voice received by the two ears. Afterward, the brain adds the strength 
of the signals from each ear so as to focus on the sound of the computed direction. 
Furthermore, if additional speakers join in the conversation, the brain can tune out 
unwanted interferers and concentrate on one conversation at a time. Conversely, the 
listener can respond back to the same direction of the desired speaker by orienting the 
transmitter (mouth) toward the speaker. 


-Unwanted speaker 


(a) Human analogy [3] 


Desired 
speaker 


Unwanted mi (ony 
speaker 
Q DSP 
4 


(b) Electrical equivalent 


Figure 16.1  Smart-antenna analogy. (a) Human analogy [3]; (b) Electrical equivalent. 
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Electrical smart-antenna systems work the same way using two antennas instead of 
the two ears and a digital signal processor instead of a brain [refer to Figure 16.1(b)]. 
Therefore, after the digital signal processor measures the time delays from each antenna 
element, it computes the direction of arrival (DOA) of the signal-of-interest (SOL, 
and then it adjusts the excitations (gains and phases of the signals) to produce a 
radiation pattern that focuses on the SOI while, ideally, tuning out any signal-not-of- 
interest (SNOT). 


16.3 CELLULAR RADIO SYSTEMS EVOLUTION 


Maintaining capacity has always been a challenge as the number of services and sub- 
scribers increased. To achieve the capacity demand required by the growing number of 
subscribers, cellular radio systems had to evolve throughout the years. To justify the 
need for smart-antenna systems in the current cellular system structure, a brief history 
on the evolution of the cellular radio systems is presented. For more in-depth details 
refer to [23]- [25]. 


16.3.1 Omnidirectional Systems 


Since the early days, system designers knew that capacity was going to be a prob- 
lem, especially when the number of channels or frequencies allotted by the Federal 
Communications Commission (FCC) was limited. Therefore, to achieve the capacity 
required for thousands of subscribers, a suitable cellular structure had to be designed; 
an example of the resulting structure is depicted in Figure 16.2. 

Each shaded hexagonal area in Figure 16.2 represents a small geographical area 
named cell with maximum radius R [24]. At the center of each cell resides a base 
station equipped with an omnidirectional antenna with a given band of frequencies. 
Base stations in adjacent cells are assigned frequency bands that contain different 
frequencies compared to the neighboring cells. By limiting the coverage area to within 
the boundaries of a cell, the same band of frequencies may be used to cover different 
cells that are separated from one another by distances large enough to keep interference 
levels below the threshold of the others. The design process of selecting and allocating 


Figure 16.2 Typical cellular structure with 7 cells reuse pattern. 
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the same bands of frequencies to different cells of cellular base stations within a system 
is referred to as frequency reuse [23]. This is shown in Figure 16.2 by the repeating 
shaded pattern or clusters [23]; cells having the same shaded pattern use the same 
frequency spectrum. In the first cellular radio systems deployed, each base station 
was equipped with an omnidirectional antenna with a typical amplitude pattern as that 
shown in Figure 16.3. Because only a small percentage of the total energy reached the 
desired user, the remaining energy was radiated in undesired directions. As the number 
of users increased, so did the interference, thereby reducing capacity. An immediate 
solution to this problem was to subdivide a cell into smaller cells; this technique is 
referred to as cell splitting [24]. 


A. Cell Splitting 

Cell splitting [24], as shown in Figure 16.4, subdivides a congested cell into smaller 
cells called microcells, each with its own base station and a corresponding reduction in 
antenna height and transmitter power. Cell splitting improves capacity by decreasing 
the cell radius R and keeping the D/R ratio unchanged; D is the distance between the 
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Figure 16.3 Omnidirectional antenna pattern. 
Cell 


Microcell 


Figure 16.4 Cell splitting. 
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centers of the clusters. The disadvantages of cell splitting are costs incurred from the 
installation of new base stations, the increase in the number of handoffs (the process 
of transferring communication from one base station to another when the mobile unit 
travels from one cell to another), and a higher processing load per subscriber. 


B. Sectorized Systems 

As the demand for wireless service grew even higher, the number of frequencies 
assigned to a cell eventually became insufficient to support the required number of 
subscribers. Thus, a cellular design technique was needed to provide more frequen- 
cies per coverage area. This technique is referred to as cell sectoring [23], where a 
single omnidirectional antenna is replaced at the base station with several directional 
antennas. Typically, a cell is sectorized into three sectors of 120° each [3], as shown 
in Figure 16.5. 

In sectoring, capacity is improved while keeping the cell radius unchanged and 
reducing the D/R ratio. In other words, by reducing the number of cells in a cluster 
and thus increasing the frequency reuse, capacity improvement is achieved. However, 
in order to accomplish this, it is necessary to reduce the relative interference without 
decreasing the transmitting power. The cochannel interference in such cellular systems 
is reduced since only two neighboring cells interfere instead of six for the omnidirec- 
tional case [24], [26] (see Figure 16.6). The penalty for improved signal-to-interference 
(S/I) ratio and capacity is an increase in the number of antennas at the base station, 
and a decrease in trunking efficiency [23], [26] due to channel sectoring at the base 
station [23]—[26]. Trunking efficiency is a measure of the number of users that can be 
offered service with a particular configuration of fixed number of frequencies. 


16.3.2 Smart-Antenna Systems 


Despite its benefits, cell sectoring did not provide the solution needed for the capac- 
ity problem. Therefore, the system designers began to look into a system that could 
dynamically sectorize a cell. Hence, they began to examine smart antennas. 


Figure 16.5  Sectorized base-station antenna. 
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(a) Sectoring (b) Omnidirectional 


Figure 16.6 Cochannel interference comparison between (a) sectoring, and (b) omnidirectional. 


Many refer to smart-antenna systems as smart antennas, but in reality antennas are 
not smart; it is the digital signal processing, along with the antennas, which makes the 
system smart. Although it might seem that smart-antenna systems is a new technology, 
the fundamental theory of smart (adaptive) antennas is not new [5], [6]. In fact, it 
has been applied in defense-related systems since World War II. Until recent years, 
with the emergence of powerful low-cost digital signal processors (DSPs), general- 
purpose processors (and Application-Specific Integrated Circuits— ASICs), as well as 
innovative signal-processing algorithms, smart-antenna systems have become practical 
for commercial use [3]. 

Smart-antenna systems are basically an extension of cell sectoring in which the 
sector coverage is composed of multiple beams [26]. This is achieved by the use of 
antenna arrays, and the number of beams in the sector (e.g., 120°) is a function of 
the array geometry. Because smart antennas can focus their radiation pattern toward 
the desired users while rejecting unwanted interferences, they can provide greater 
coverage area for each base station. Moreover, because smart antennas have a higher 
rejection interference, and therefore lower bit error rate (BER), they can provide a 
substantial capacity improvement. These systems can generally be classified as either 
Switched-Beam or Adaptive Array [5], [6], [27]. 


A. Switched-Beam Systems 

A switched-beam system is a system that can choose from one of many predefined 
patterns in order to enhance the received signal (see Figure 16.7), and it is obviously 
an extension of cell sectoring as each sector is subdivided into smaller sectors. As the 
mobile unit moves throughout the cell, the switched-beam system detects the signal 
strength, chooses the appropriate predefined beam pattern, and continually switches 
the beams as necessary. The overall goal of the switched-beam system is to increase 
the gain according to the location of the user. However, since the beams are fixed, the 
intended user may not be in the center of any given main beam. If there is an interferer 
near the center of the active beam, it may be enhanced more than the desired user [3]. 


B. Adaptive Array Systems 
Adaptive array systems [5], [6] provide more degrees of freedom since they have the 
ability to adapt in real time the radiation pattern to the RF signal environment. In other 
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Figure 16.7 Switched-beam system. 
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Figure 16.8 Comparison of (a) switched-beam scheme, and (b) adaptive array scheme. 


words, they can direct the main beam toward the pilot signal or SOI while suppressing 
the antenna pattern in the direction of the interferers or SNOIs. To put it simply, adap- 
tive array systems can customize an appropriate radiation pattern for each individual 
user. This is far superior to the performance of a switched-beam system, as shown in 
Figure 16.8. This figure shows that not only the switched-beam system may not able 
to place the desired signal at the maximum of the main lobe but also it exhibits the 
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Figure 16.9 Relative coverage area comparison among sectorized systems, switched-beam sys- 
tems, and adaptive array systems in (a) low interference environment, and (b) high interference 
environment [3]. 


inability to fully reject the interferers. Because of the ability to control the overall radi- 
ation pattern in a greater coverage area for each cell site, as illustrated in Figure 16.9, 
adaptive array systems greatly increase capacity. Figure 16.9 shows a comparison, in 
terms of relative coverage area, of conventional sectorized switched-beam and adaptive 
arrays. In the presence of a low-level interference, both types of smart antennas provide 
significant gains over the conventional sectored systems. However, when a high-level 
interference is present, the interference rejection capability of the adaptive systems 
provides significantly more coverage than either the conventional or switched-beam 
system [3]. 

Adaptive array systems can locate and track signals (users and interferers) and 
dynamically adjust the antenna pattern to enhance reception while minimizing inter- 
ference using signal-processing algorithms. A functional block diagram of such a 
system is shown in Figure 16.10. This figure shows that after the system downcon- 
verts the received signals to baseband and digitizes them, it locates the SOI using the 
direction-of-arrival (DOA) algorithm, and it continuously tracks the SOI and SNOIs 
by dynamically changing the weights (amplitudes and phases of the signals). Basically, 
the DOA computes the direction of arrival of all signals by computing the time delays 
between the antenna elements, and afterward the adaptive algorithm, using a cost func- 
tion, computes the appropriate weights that result in an optimum radiation pattern. The 
details of how the time delays and the weights are computed are discussed later in this 
chapter. Because adaptive arrays are generally more digital-processing intensive and 
require a complete RF portion of the transceiver behind each antenna element, they 
tend to be more costly than switched-beam systems. 


C. Spatial Division Multiple Access (SDMA) 

The ultimate goal in the development of cellular radio systems is SDMA [3], [27]. 
SDMA is among the most-sophisticated utilization of smart-antenna technology; its 
advanced spatial-processing capability enables it to locate many users, creating dif- 
ferent beam for each user, as shown in Figure 16.11. This means that more than one 
user can be allocated to the same physical communication channel in the same cell 
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Figure 16.10 Functional block diagram of an adaptive array system. 


User #1 


a #2 


Figure 16.11 SDMA multibeam system. 


simultaneously, with only an angle separation. This is accomplished by having N par- 
allel beamformers at the base station operating independently, where each beamformer 
has its own adaptive beamforming algorithm to control its own set of weights and its 
own direction-of-arrival algorithm (DOA) to determine the time delay of each user’s 
signal (see Figure 16.12) [28], [29]. Each beamformer creates a maximum toward its 
desired user while nulling or attenuating the other users. This technology dramatically 
improves the interference suppression capability while greatly increasing frequency 
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Figure 16.12 SDMA system block diagram [28], [29]. 


reuse, resulting in increased capacity and reduced infrastructure cost. Basically, capac- 
ity is increased not only through intercell frequency reuse but also through intracell 
frequency reuse [27]. 


16.4 SIGNAL PROPAGATION 


Up until now, the problem of capacity has been associated solely with cochannel inter- 
ference and with the depletion of channels due to the high number of users. However, 
multipath fading and delay spread also play a role in reducing system capacity [3], 
[30]. Fortunately, because of the ability of smart-antenna systems to adapt to the signal 
environment, they are able to considerably reduce delay spread and multipath fading, 
thereby increasing capacity. This section gives a brief overview on signal propagation; 
for an in-depth study of the subject, the reader is referred to [3], [31], [32]. 

The signal generated by the user mobile device is omnidirectional in nature; there- 
fore, it causes the signal to be reflected by structures, such as buildings. Ultimately, 
this results in the arrival of multiple delayed versions (multipath) of the main (direct) 
signals at the base station, as depicted in Figure 16.13. This condition is referred to as 
multipath [3], [32]. In general, these multiple delayed signals do not match in phase 
because of the difference in path length at the base station, as shown by the example 
in Figure 16.14 [3]. Because smart-antenna systems can tailor themselves to the signal 
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Figure 16.13 Multipath environment. 
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Figure 16.14 Two out-of-phase multipath signals [3]. 


environment, they can exploit or reject the reflected signals depending whether the sig- 
nals are delayed copies of the SOI or the SNOIs. This is an advantage because smart 
antennas are not only capable of extracting information from the direct path of the 
SOI but they can also extract information from the reflected version of the SOI while 
rejecting all interferers or SNOIs. Therefore, because of this ability to manage multi- 
path signals, smart-antenna systems improve link quality. As the signals are delayed, 
the phases of the multipath signal components can combine destructively over a narrow 
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Figure 16.15 Fade effect on a user signal [3]. 


bandwidth, leading to fading of the received signal level. This results in a reduction 
of the signal strength, and a representative example is illustrated in Figure 16.15 [3]. 

One type of fading is Rayleigh fading or fast fading [32], [33]. Fading is constantly 
changing, and it is a three-dimensional (3-D) phenomenon that creates fade zones 
[30]. These fade zones are usually small, and they tend to periodically attenuate the 
received signal (i.e., degrade it in quality) as the users pass through them. Although 
fading, in general, is a difficult problem, smart-antenna systems perform better than 
earlier systems, unless fading is severe. Figure 16.16 shows lighter shaded area as a 
representation of fade zones in a multipath environment. 

Occasionally, the multipath signals are 180° out of phase, as shown in Figure 16.17. 
This multipath problem is called phase cancellation [3]. When this happens, a call 
cannot be maintained for a long period of time, and it is dropped. In digital signals, 


Figure 16.16 Fade zones [3]. 
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Figure 16.17 Phase cancellation. 
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Figure 16.18 Delay spread and ISI. 


the effect of multipath causes a condition called delay spread. In other words, the 
symbols representing the bits collide with one another causing intersymbol interference 
(ISI), as shown in Figure 16.18. When this occurs, the bit error rate (BER) rises, and 
a noticeable degradation in quality is observed [31]. 

Finally, another signal propagation problem is cochannel interference [30]. This 
occurs when a user’s signal interferes with a cell having the same set of frequen- 
cies. Omnidirectional cells suffer more from cochannel interference than do sectorized 
cells, and smart-antenna systems, because of their ability to tune out cochannel inter- 
ference, perform at their best under such environment [24]; this comparison is shown 
in Figure 16.19. 


16.5 SMART ANTENNAS’ BENEFITS 


The primary reason for the growing interest in smart-antenna systems is the capacity 
increase. In densely populated areas, mobile systems are usually interference-limited, 
meaning that the interference from other users is the main source of noise in the 
system. This means that the signal-to-interference ratio (SIR) is much smaller than 
the signal-to-noise ratio (SNR). In general, smart antennas will, by simultaneously 
increasing the useful received signal level and lowering the interference level, increase 
the SIR. 
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Figure 16.19 Cochannel interference comparison of the different systems [24]. 


Another benefit that smart-antenna systems provide is range increase. Because smart 
antennas are more directional than omnidirectional and sectorized antennas, a range 
increase potential is available [27]. In other words, smart antennas are able to focus 
their energy toward the intended users, instead of directing it in other unnecessary 
directions (wasting) like omnidirectional antennas do. This means that base stations 
can be placed further apart, leading to a more cost-efficient development. Therefore, in 
rural and sparsely populated areas, where radio coverage rather than capacity is more 
important, smart-antenna systems are also well suited [27]. 

Another added advantage of smart-antenna systems is security. In a society that 
becomes more dependent on conducting business and transmitting personal informa- 
tion, security is an important issue. Smart antennas make it more difficult to tap a 
connection because the intruder must be positioned in the same direction as the user 
as seen from the base station to successfully tap a connection [27]. 

Finally, because of the spatial detection nature of smart-antenna systems, they can 
be used to locate humans in emergencies or for any other location-specific service [27]. 


16.6 SMART ANTENNAS’ DRAWBACKS 


While smart antennas provide many benefits, they do suffer from certain drawbacks. 
For example, their transceivers are much more complex than traditional base station 
transceivers. The antenna needs separate transceiver chains for each array antenna ele- 
ment and accurate real-time calibration for each of them [27]. Moreover, the antenna 
beamforming is computationally intensive, which means that smart-antenna base sta- 
tions must be equipped with very powerful digital signal processors. This tends to 
increase the system costs in the short term, but since the benefits outweigh the costs, 
it will be less expensive in the long run. For a smart antenna to have pattern-adaptive 
capabilities and reasonable gain, an array of antenna elements is necessary. 


16.7 ANTENNA 


One essential component of a smart-antenna system is its sensors or antenna elements. 
Just as in humans the ears are the transducers that convert acoustic waves into elec- 
trochemical impulses, antenna elements convert electromagnetic waves into electrical 
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impulses. These antenna elements play an important role in shaping and scanning the 
radiation pattern and constraining the adaptive algorithm used by the digital signal pro- 
cessor. There are a plethora of antenna elements [34] that can be selected to form an 
adaptive array. This includes classic radiators such as dipoles, monopoles, loops, aper- 
tures, horns, reflectors, microstrips, and so on. Thus, a good antenna designer should 
consider the type of antenna element that is best suited for the application. 

One element that meets the requirements and capabilities of a mobile device is that of 
an array of printed elements. There are a number of printed element geometries, patches 
as they are usually referred to, some shown in Figure 14.2. The two most popular 
are the rectangular, discussed in detail in Section 14.2, and the circular, discussed in 
detail in Section 14.3. Such an array possesses the attributes to provide the necessary 
bandwidth, scanning capabilities, beamwidth, and sidelobe level. Furthermore, it is a 
low-cost technology suitable for commercial products, in addition to being lightweight 
and conformal to surfaces. The analysis and design of microstrip/patch antennas is 
discussed in detail in Chapter 14. There are a number of analysis methods as well as 
software packages; one is that of [35]. 


16.7.1 Array Design 


The main beam of a larger array can resolve, because of its narrower beamwidth, 
the signals-of-interest (SOIs) more accurately and allows the smart-antenna system to 
reject more signals-not-of-interest (SNOIs). Although this may seem attractive for a 
smart-antenna system, it has two main disadvantages. One disadvantage is that it tends 
to increase the cost and the complexity of the hardware implementation, and the other 
is that it increases the convergence time for the adaptive algorithms, thereby reducing 
valuable bandwidth. Therefore, this issue is resolved on the basis of the analysis of the 
network throughput that will be discussed later in this chapter. 

The array configuration that is well suited for mobile communication is usually a 
planar array. The linear array configuration is not as attractive because of its inability 
to scan in 3-D space. On the other hand, a planar array can scan the main beam in any 
direction of 0 (elevation) and ¢ (azimuth), as discussed in Chapter 6. Initially, a linear 
array will be analyzed to demonstrate some of the basic principles of array theory; 
eventually, most of the effort will be on planar arrays. 


16.7.2 Linear Array 
The array factor of a linear array of M (even) identical elements with uniform spacing 
positioned symmetrically along the y-axis, as shown in Figure 16.20, can be written 
on the basis of the theory of Chapter 6, as 
(AF )y = weti UDH 4 wet G22 puse wy pet D/2Wun 
we JUD p woe iD Lui wyje M Dun (16-1) 


Simplifying and normalizing (16-1), the array factor for an even number of elements 
with uniform spacing along the y-axis reduces to 


M/2 


(AF)u = wn cos[(2n — Dyn] (16-2) 


n=1 
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x 


Figure 16.20 Linear array with elements along the y-axis. 


where 
md. 
Vu c T sind sing + B, (16-2a) 


In (16-2) and (16-2a), w, and f, represent, respectively, the amplitude and phase exci- 
tations of the individual elements. While in Chapter 6 the amplitude coefficients were 
represented by a,, in signal-processing beamforming it is most common to represent 
them by w,, and it will be adopted in this chapter. The amplitude coefficients wn 
control primarily the shape of the pattern and the major-to-minor lobe level while 
the phase excitations control primarily the scanning capabilities of the array. Tapered 
amplitude distributions exhibit wider beamwidths but lower sidelobes. Therefore, an 
antenna designer can choose different amplitude distributions to conform to the applica- 
tion specifications. This is shown in Figure 16.21, where the array factor of a uniform 
linear array is compared with the array factor of a Dolph- Tchebyscheff [34] linear 
array. As discussed in Chapter 6, Dolph—Tchebyscheff arrays maintain all their minor 
lobes at the same level while compromising slightly on a wider half-power beamwidth. 


16.7.8 Planar Array 


As mentioned earlier, linear arrays lack the ability to scan in 3-D space, and since it is 
necessary for portable devices to scan the main beam in any direction of 0 (elevation) 
and @ (azimuth), planar arrays are more attractive for these mobile devices. Let us 
assume that we have M x N identical elements, M and N being even, with uniform 
spacing positioned symmetrical in the xy-plane as shown in Figure 16.22. 
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Figure 16.21 Array factors of an eight-element linear array (interelement spacing of 0.54). 


Figure 16.22 Planar array with uniformly spaced elements. 


The array factor for this planar array with its maximum along 6, o, for an even 
number of elements in each direction can be written as 


M/2 NJ2 
[AF (6. d)luxy — 49 Y Wm cos[(2m — Du] cos(Qn — Dv] (16-3) 
m-ln-l 
where 
Td ! 
u = =a, seine cos @ — sin 0o cos do) (16-3a) 
md, . R . . 
v= 3 ne sin $ — sin 0o sin do) (16-3b) 


In (16-3), Wmn is the amplitude excitation of the individual element. For separable 
distributions Wy, = WmWn. However, for nonseparable distributions, wy, Æ wg w;. 
This means that for an M x N planar array, only M + N excitation values need to 
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be computed from a separable distribution, while M x N values are needed from a 
nonseparable distribution [36]. 


16.8 ANTENNA BEAMFORMING 


Intelligence, based on the definition of the Webster’s dictionary, is the ability to apply 
knowledge and to manipulate one’s environment. Consequently, the amount of intel- 
ligence a system has depends on the information collected, how it gains knowledge 
from the processed information, and its ability to apply this knowledge. In smart- 
antenna systems, this knowledge is gained and applied via algorithms processed by a 
digital signal processor (DSP) as shown in Figure 16.10. The objectives of a DSP are 
to estimate 


1. the direction of arrival (DOA) of all impinging signals, and 


2. the appropriate weights to ideally steer the maximum radiation of the antenna 
pattern toward the SOI and to place nulls toward the SNOI. 


Hence, the work on smart antennas promotes research in adaptive signal-processing 
algorithms such as DOA and adaptive beamforming. The DOA estimation involves 
a correlation analysis of the array signals followed by eigenanalysis and signal/noise 
subspace formation while in adaptive beamforming the goal is to adapt the beam by 
adjusting the magnitude and phase of each antenna element such that a desirable pattern 
is formed [37]. 

This section presents a brief overview of direction-of-arrival algorithms followed by 
a review of adaptive beamforming algorithms. The adaptive beamforming begins with 
a simple example to give the reader an insight on the basics of adaptive beamforming. 


16.8.1 Overview of Direction-Of-Arrival (DOA) Algorithms 


After the antenna array receives the incoming signals from all directions, the DOA 
algorithm determines the directions of all incoming signals based on the time delays. To 
compute the time delays, consider an M x N planar array with interelement spacing d; 
along the x-axis and d, along the y-axis as shown in Figure 16.23. When an incoming 
wave, carrying a baseband signal s(t) impinges at an angle (0,4) on the antenna 
array, it produces time delays relative to the other antenna elements. These time delays 
depend on the antenna geometry, number of elements, and interelement spacing. For 
the rectangular grid array of Figure 16.23, the time delay of the signal s(t) at the 
(m, n)th element, relative to the reference element (0, 0) at the origin, is 


A 
Una = — (16-4) 
vo 


where Ar and vo represent respectively the differential distance and the speed of the 
light in free-space. The differential distance, Ar, is computed using 


Ar = dmn cos( y) (16-5) 
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Figure 16.23 M x N planar array with graphical representation of the time delay. 


where dmn is the distance from the origin and the (m, n)th element, and y is the angle 
between the radial unit vector from the origin to the (m, n)th element and the radial 
unit vector in the direction of the incoming signal s(t). Subsequently, dmn and cos(y) 


are determined using 
dmn = ,/ M? d +n? d? (16-6) 


A A 


costy) = 2—2 (16-7) 
|a,| |à, | 


where â, and â, are, respectively, the unit vectors along the direction of the incoming 
signal s(t) and along the distance dmn to the (m, n)th element. Thus, the unit vectors 
(i.e., â, and 4,) are expressed as 


â, = à, sin 0 cos $ + â, sin 0 sing + â, cos 0 (16-8a) 


â md, + âyndy 


|m d +n? d? 


where 4,, 4,, and 4, are, respectively, the unit vectors along the x-, y-, and z-axis. 
Finally, substituting (16-5)—(16-8b) into (16-4), the time delay of the (m, n)th element, 
with respect to the element at the origin [i.e., (0, 0)], is written as 


â, = (16-8b) 


_ md; sinf cos + nd, sin 6 sind (16-9) 


Tmn 
Uo 
DOA estimation techniques can be categorized on the basis of the data analysis and 
implementation into four different areas: conventional methods, subspace-based meth- 
ods, maximum likelihood methods, and integrated methods, which combine property- 
restoral techniques with subspace-based approach [27]. 
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Conventional methods for DOA estimation are based on the concepts of beam- 
forming and null steering and do not exploit the statistics of the received signal. In 
this technique, the DOA of all the signals is determined from the peaks of the output 
power spectrum obtained from steering the beam in all possible directions. Examples 
of conventional methods are the delay-and-sum method (classical beamformer method 
or Fourier method) and Capon’s minimum variance method. One major disadvantage 
of the delay-and-sum method is its poor resolution; that is, the width of the main beam 
and the height of the sidelobes limit its ability to separate closely spaced signals [27]. 
On the other hand, Capon’s minimum variance technique tries to overcome the poor 
resolution problem associated with the delay-and-sum method, and in fact, it gives a 
significant improvement. Although it provides better resolution, Capon’s method fails 
when the SNOIs are correlated with the SOI. 

Unlike conventional methods, subspace methods exploit the structure of the received 
data, resulting in a dramatic improvement in resolution. Two main algorithms that fall 
into this category are the MUltiple SIgnal Classification (MUSIC) algorithm and the 
Estimation of Signal Parameters via Rotational Invariance Technique (ESPRIT). In 
1979, Schmidt proposed the conventional MUSIC algorithm that exploited the eigen- 
structure of the input covariance matrix [38]. This algorithm provides information about 
the number of incident signals, DOA of each signal, strengths and cross correlations 
between incident signals, and noise powers. Like many algorithms, the conventional 
MUSIC possesses drawbacks. One of the drawbacks is that it requires very precise 
and accurate array calibration. Another drawback is that, if the impinging signals are 
highly correlated, it fails because the covariance matrix of the received signals becomes 
singular. And lastly, it is computationally intensive. 

To improve the conventional MUSIC algorithm further, several attempts were made 
to increase its resolution performance and decrease its computational complexity. In 
1983, Barabell developed the Root-MUSIC algorithm based on polynomial rooting 
and provided higher resolution; its drawback was that it was applicable only to uni- 
formly spaced linear arrays [39]. In 1989, Schmidt proposed the Cyclic MUSIC, a 
selective direction finding algorithm, which exploited the spectral coherence properties 
of the received signal and made it possible to resolve signals spaced more closely 
than the resolution threshold of the array. Moreover, the Cyclic MUSIC also avoids 
the requirements that the total number of signals impinging on the array must be less 
than the number of sensor elements [40]. Then, in 1994, Xu presented the Fast Sub- 
space Decomposition (FSD) technique to decrease the computational complexity of 
the MUSIC algorithm [41]. In a signal environment with multipath, where the sig- 
nals received are highly correlated, the performance of MUSIC degrades severely. To 
overcome such a detriment, a technique called spatial smoothing was applied to the 
covariance matrix [42], [43]. 

The ESPRIT algorithm is another subspace-based DOA estimation technique orig- 
inally proposed by Roy [44]. Because ESPRIT has several advantages over MUSIC, 
such as that it 


1. is less computationally intensive, 
2. requires much less storage, 


3. does not involve an exhaustive search through all possible steering vectors to 
estimate the DOA, and 


4. does not require the calibration of the array, 
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it has become the algorithm of choice. It is also used in the computer program, des- 
ignated as DOA, which is found in the attached CD, to determine the directions of 
arrival for linear and planar array designs of isotropic sources. Since its conception, the 
ESPRIT has evolved into the 2-D Unitary ESPRIT [45] and the Equirotational Stack 
ESPRIT (ES-ESPRIT) [46], a more accurate version of the ESPRIT. The corresponding 
READ ME file explains the details of the program. 

Maximum Likelihood (ML) techniques were some of the first techniques to be 
investigated for DOA estimation, but they are less popular than suboptimal subspace 
techniques because ML methods are computationally intensive. However, ML tech- 
niques outperform the subspace-based techniques in low SNR and in correlated signal 
environment [47]. 

The final category of DOA algorithms is the integrated technique that combines 
the property-restoral method with the subspace-based approach. A property-restoral 
technique is the Iterative Least Squares Projection Based Constant Modulus Algorithm 
(ILSP-CMA), a data-efficient and cost-efficient approach that is used to detect the 
envelope of the received signals and overcome many of the problems associated with 
the Multistage CMA algorithms [48]. 

In 1995, Xu and Lin [49] proposed a new scheme that integrated ILSP-CMA and the 
subspace DOA approach. With an M-element antenna array, this scheme can estimate 
up to 2M?/3 DOAs of direct path and multipath signals while a conventional DOA 
can resolve no more than M DOAs. In 1996, Muhamed and Rappaport [50] showed 
improvement in performance using an integrated DOA over the conventional ESPRIT 
when they combined the subspace-based techniques, such as ESPRIT and MUSIC, 
with the ILSP-CMA. 

To show that the DOA can be determined on the basis of the time delays, the DOA 
of a two-element array will be derived. 


Example 16.1 


Derive the DOA of a two-element array. Show that the angle of arrival/incidence can be 
determined on the basis of time delays and geometry of the system. 

Solution: On the basis of the geometry of Figure 16.24, the time difference of the signal 
arriving at the two elements can be written as 


^d d 0 
Arc tede 
Vo vo 


where vo is the speed of light in free-space. This equation can be rewritten as 


Vo vo 
cos(0) = Q^ = 41 =p) 


d d 
0 = cos! (Zar) = cos! EZ — m) 
vo vo 


This clearly demonstrates that the angle of incidence 0 (direction of arrival) can be deter- 
mined knowing the time delay between the two elements (At = tı — t2), and the geometry 


or 
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of the antenna array (in this case a linear array of two elements with a spacing d between 
the elements). 


Incoming 
signal 


p 


d-cos(@) 


Figure 16.24 Incoming signal on a two-element array. 


16.8.2 Adaptive Beamforming 


As depicted in Figure 16.10, the information supplied by the DOA algorithm is processed 
by means of an adaptive algorithm to ideally steer the maximum radiation of the antenna 
pattern toward the SOI and place nulls in the pattern toward the SNOIs. This is only 
necessary for DOA-based adaptive beamforming algorithms. However, for reference (or 
training) based adaptive beamforming algorithms, like the Least Mean Square (LMS) 
[51], [52] that is used in this chapter, the adaptive beamforming algorithm does not 
need the DOA information but instead uses the reference signal, or training sequence, 
to adjust the magnitudes and phases of each weight to match the time delays created 
by the impinging signals into the array. In essence, this requires solving a linear system 
of normal equations. The main reason why it is generally undesirable to solve the nor- 
mal equations directly is because the signal environment is constantly changing. Before 
reviewing the most common adaptive algorithm used in smart antennas, an example is 
given, based on [53], to illustrate the basic concept of how the weights are computed to 
satisfy certain requirements of the pattern, especially the formation of nulls. 


Example 16.2 


Determine the complex weights of a two-element linear array, half-wavelength apart, to 
receive a desired signal of certain magnitude (unity) at 09 = 0^ while tuning out an interferer 
(SNOI) at 6; = 30°, as shown in Figure 16.25. The elements of the array in Figure 16.25 
are assumed to be, for simplicity, isotropic and the impinging signals are sinusoids. 
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Desired signal Interference signal 
p(t)= Pel^w nÒ) = Netd 
30°/ 


y(t) 


Figure 16.25  Two-element array receiving a desired signal at 09 = 0^ and an SNOI at 
0g = 30°. 


Solution: The output y(t) of the array due to the desired signal p(t) is analyzed first, 
followed by the output due to the interferer n(t). Thus, the output y(t) of the array due to 
the desired signal p(t) is 

y(t) = Pel Qi, + wy) 


For the output y(t) to be equal (unity) only to the desired signal, p(t), it is necessary that 
WwW, +w: = 1 
On the other hand, the output y(t) due to the interfering signal n(t) is given as 
y(t) = Nei est-z/9 yy, 4 Nei OTD 
where —7/4 and +7/4 terms in the above equation are due to the phase lag and lead, 


respectively, in reference to the array midpoint of the impinging interfering signal (see 
Figure 16.26 for details). Because 


joa 6I 
e = Va | J) 
jlot+r/4) _ eu Ue 
e = (se i) 


J2 
the output y(t) can be rewritten as 


J2 


; 2 
y(t) = Ne! Fu — j)ùi + Sed 3r jil 


Therefore, for the output response y(t) to be zero (i.e., reject totally the interference), it is 
necessary that 
v2 


s 


2 
( — j)wi 4 d + j)W2 =0 
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n(t) 


30° 


k(A/4)sin(30°) = ae 
30° 
#1 f 30° #2 


k(A/4)sin(30°) = m4 


AA =j AA 


Figure 16.26 Phase lag and lead computations due to signal n(t). 


Solving simultaneously the linear system of two complex equations, the second one of this 
example and the previous one, for w and w», yields 


. 1 E 
wi = w; ques 


: Putas 
Ùw = w, + jw, = 


Thus, the above values of w; and w» are the optimum weights that guarantee the maximum 
signal-to-interference ratio (SIR) for a desired signal at 09 = 0? and an interferer at 0; = 30°. 
Figure 16.27 shows, by the solid line, the array factor obtained on the basis of the weights 
derived above. 
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10 E i Fa — Without coupling 3 
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8 | ] : l 1 
S10? ------ GU (Pe OCR NE Np DEREN LOISIR ips se = 
E E i i i i i i j 
= i j 
up oxide sedi new oe eee ee ee 
10-4 | | | | | | | | 
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Observation angle (degrees) 


Figure 16.27 Comparison of array factors in the absence and in the presence of mutual 
coupling. 
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If the signal environment is stationary, the weights are easily computed by solving 
the normal equations as shown in this example. However, in practice, the signal envi- 
ronment is dynamic or time varying, and therefore, the weights need to be computed 
with adaptive methods. In Section 16.8.4, one of the optimal beamforming techniques 
and adaptive algorithms (Least Mean Square—LMS) used in smart-antenna systems 
[51], [52], is reviewed; it is the one used in this chapter. There are others, and the 
interested reader is referred to the literature [17], [53]- [65]. 


16.8.3 Mutual Coupling 


When the radiating elements in the array are in the vicinity of each other, the radia- 
tion characteristics, such as the impedance and radiation pattern, of an excited antenna 
element is influenced by the presence of the others. This effect is known as mutual 
coupling, and it can have a deleterious impact on the performance of a smart-antenna 
array. Mutual coupling usually causes the maximum and nulls of the radiation pattern 
to shift and to fill the nulls; consequently, the DOA algorithm and the beamforming 
algorithm produce inaccurate results unless this effect is taken into account. Further- 
more, this detrimental effect intensifies as the interelement spacing is reduced [34], 
[66]. This will not be discussed in this chapter. The interested reader is referred to 
the literature [66], [67]. However, a simple example follows to illustrate the effects of 
coupling on adaptive beamforming. 


Example 16.3 


To illustrate the effects of mutual coupling in beamforming, Example 16.2 is repeated here. 
However, this time, mutual coupling is considered. Let us reconsider the two-element linear 
array, with half-wavelength spacing, receiving a desired signal at 0) = 0° while tuning out 
an interferer (SNOI) at 0; = 30° in the presence of mutual coupling. The elements of the 
array in Figure 16.28 are assumed to be, for simplicity, isotropic and the impinging signals 
are sinusoids. 

Solution: The output y(t) of the array due to the desired signal p(t) is analyzed first, 
followed by the output due to the interferer n(t). Thus, the output y(t) of the array due to 
p(t) is 


y(t) = Pei% (cy, + cy) 1 + (622 + c21) 2] 


where c11, C12, C21, and c»? represent, respectively, the mutual coefficients that describe how 
an element is affected because of the presence of another. Therefore, for the output y(t) to 
be equal only to the desired signal, p(t), it is necessary that 


(cii + 612) + (022 + c21)Ü = 1 
On the other hand, the output y(t) due to the interfering signal n(t) is given as 


y(t) = Nel 77/9 (c jj, + cn Wy) + Ne 7/9 (6d + Crt) 
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Desired signal Interference signal 
p(t) = Peleo n(t) = Net? 
30° 
I~ A2 æ 
#1 #2 


mutual coupling 


y(t) 


Figure 16.28 Two-element array receiving an SOI at 6) = 0° and an SNOI at 6, = 30° in 
the presence of mutual coupling. 


where —7:/4 and +7/4 terms are due to the phase lag and lead, respectively, in reference to 
the array midpoint of the impinging interfering signal (see Figure 16.26 for details). Because 


esoot 


V2 


joot 


V2 


ej oot) — 


y) 


ei (wot /4) = a 4e j) 


the output y(t) can be rewritten as 


. 2 2 : 2 2 : 
yo = we Pa -pen + Ba + e H ET Jeu d ed | pesi] 


2 


Therefore, for the output response to be zero (i.e., reject totally the interference), it is 
necessary that 


E 


2 : p 2 : 
m = eur A E Uic ET = Jesi dE d ees] w2=0 
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Solving simultaneously the linear system of complex equations, the second one of this 
example and the previous one, for w; and u», yields 


B 1 G2 =e J @p area 

w1 = = — SO ————— 
2 €€11 — €12€21 2 €23€11 — €12€21 

z l — uc wl (ups 

w2 = = —————— 
2 €»€11 — €12€21 2 €3€11 — €12€21 


Note that the above computed weights in the presence of mutual coupling are related to 
those weights in the absence of mutual coupling by 


7 u ( C22 j C21 ) 
1 = 1 — es Ye ÓÓÀ d—Ó— 
C22C11 — C12C21 C22C11 — €12€21 


2 2 C11 : C12 
Ww = W2 (1 ef 
€22€11 — C12C21 €22C11 — €12€21 


where w; and w are the computed weights in the absence of mutual coupling as derived in 
Example 16.2. Let us assume that the values for c11, c12, C21, and c22 are given, on the basis 
of the formulation in [66], by 


Cy = C22 = 29 ar 0.340 
C12 = C2) = —0.130 — j0.0517 


Then, the computed altered weights in the presence of mutual coupling, using the mutual 
coupling coefficients above and the weights of Example 16.2, are 


w= ü, + jo" = 0.189 — j0.223 


w = wh + jy = 0.250 + j0.167 


On the basis of these new weights, m and w2, the computed patterns with coupling are 
displayed and compared with that without coupling in Figure 16.27. The one with coupling is 
also normalized so that its value at 0 = 0° is unity. It is apparent that mutual coupling plays 
a significant role in the formation of the pattern. For example, in the presence of coupling, 
the pattern minimum is at 0; = 32.5° at a level of nearly —35 dB (from the maximum), 
while in the absence of coupling the null is at 0; = 30° at a level nearly —co dB. 


16.8.4 Optimal Beamforming Techniques 


In optimal beamforming techniques, a weight vector that minimizes a cost function 
is determined. Typically, this cost function, related with a performance measure, is 
inversely associated with the quality of the signal at the array output, so that when the 
cost function is minimized, the quality of the signal is maximized at the array output 
[27]. The most commonly used optimally beamforming techniques or performance 
measures are the Minimum Mean Square Error (MMSE), Maximum Signal-to-Noise 
Ratio (MSNR), and Minimum (noise) Variance (MV). 


A. Minimum Mean Square Error (MMSE) Criterion 
One of the most widely used performance measures in computing the optimum weights 
is to minimize the MSE cost function. The solution of this function leads to a special 
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class of optimum filters called Wiener filters [51], [52]. In order to derive the weights 
based on the MMSE criterion, the error, ¢,, between the desired signal, d;, and the 
output signal of the array, yg, is written as 

Ek = dy = wx, (16-10) 


Therefore, the MSE based cost function can be written as 


JusECE[e2]) = E[(dy — w"xj)?] 
Eldg — 2d,w" x, + w" xix W] (16-11) 


d; — 2w" E[dyx,] + wW” E [xx f ]w 


where E[-] represents the expected value of [.]. Because E[d,x,] and E [X.X7 ] in 
(16-11) are the cross correlation, r,;, and the covariance, R,., respectively, (16-11) 
can be rewritten as 


JusECE[ez]) = dz — 2w"r,4 + W” Rew (16-12) 


In order to minimize the cost function (1.e., to minimize the MSE) in (16-12) with 
respect to the weights, one must compute the gradient, which is achieved by taking 
the derivative with respect to the weights and setting it equal to zero; that is, 


: ð 
min{ Juise (Ele, D) = zo {Joise(Elex)} = 0 (16-13) 
Taking the derivative in (16-13) and solving in terms of the weights, w, yields 
Wopt = Rr (16-14) 


Equation (16-14) is the so-called Wiener solution, which is the optimal antenna array 
weight vector, Wopt, in the MMSE sense. 


B. Least Mean Square (LMS) Algorithm 

One of the simplest algorithms that is commonly used to adapt the weights is the 
Least Mean Square (LMS) algorithm [51]. The LMS algorithm is a low complexity 
algorithm that requires no direct matrix inversion and no memory. Moreover, it is 
an approximation of the steepest descent method using an estimator of the gradient 
instead of the actual value of the gradient, since computation of the actual value of the 
gradient is impossible because it would require knowledge of the incoming signals a 
priori. Therefore, at each iteration in the adaptive process, the estimate of the gradient 
is of the form 

9 J (w) 


owo 


VJwk=| : (16-15) 
9J (w) 


OWL 
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where the J(w) is the cost function of (16-12) to be minimized. Hence, according to 
the method of steepest descent, the iterative equation that updates the weights at each 
iteration is 

Wk+1 = Wy — LVS (w)]k (16-16) 


where u is the step size related to the rate of convergence. This simplifies the calcu- 
lations to be performed considerably and allows algorithms, like the LMS algorithm, 
to be used in real-time applications. 

To summarize, the LMS algorithm minimizes the MSE cost function, and it solves 
the Wiener-Hopf equation, represented by (16-14), iteratively without the need for 
matrix inversion. Thus, the LMS algorithm computes the weights iteratively as 


Wii = We + 20x (dy — XL We) (16-17) 


In order to assure convergence of the weights, wg, the step size u is bounded by 
the condition 


O<u< (16-18) 


max 


where Amax is the maximum eigenvalue of the covariance matrix, R,,. The main 
disadvantage of the LMS algorithm is that it tends to converge slowly, especially in 
noisy environments. A block diagram of the implementation of this (LMS) algorithm 
is shown in Figure 16.29 where d(k) is the reference/desired signal. 

An interactive MATLAB computer program entitled Smart is included in the at- 
tached CD, and it can be used to perform beamforming based on the LMS algorithm. 
One part of the program, designated Linear, is used for linear arrays of N isotropic 
elements while the other part, designated Planar, is used for planar arrays of M x N 
isotropic elements. The description of each is found in the READ ME file of the 
corresponding program. 

To demonstrate the beamforming capabilities of the LMS algorithm, let us consider 
two examples. 


xo(K) 


Adaptive 
Algorithm 
(LMS) 


Figure 16.29 Implementation of the LMS algorithm based on the Wiener-Hopf equation [51]. 
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Example 16.4 


For an eight-element (M = 8) linear array of isotropic elements with a spacing of d = 0.5A 
between them, as shown in Figure 16.20, it is desired to form a pattern where the pattern 
maximum (SOT) is at 6) = 20°. There are no requirements on any desired nulls (SNOIs) 
at any specific angles. Determine the relative amplitude (w’s) and phase (f's) excitation 
coefficients of the elements using the following: 


1. LMS beamforming algorithm 


2. Classical method described in Chapter 6. Compare the results (amplitude, 
phase, and pattern) of the two methods. 


Solution: Using the LMS algorithm, the obtained normalized amplitude and phase excita- 
tion coefficients are listed in Table 16.1 while the corresponding pattern, after 55 iterations, 
is exhibited in Figure 16.30. The beamformed pattern does meet the desired requirement 
of having a maximum at 6) = 20°. Using the classical method of a scanning array detailed 
in Section 6.3.3, the obtained amplitude and phase excitation coefficients are also listed in 
Table 16.1 while the corresponding pattern is also exhibited in Figure 16.30. 

By comparing the results of the two methods, it is apparent that the two methods lead 
to basically identical results in amplitude and phase excitation and corresponding patterns 
(they are basically indistinguishable). This indicates that the LMS algorithm, using only an 
SOI, converges to the element excitations, and corresponding pattern, of a uniform linear 
array. 


TABLE 16.1 Amplitude (w's) and Phase (f's) Excitation Coefficients of an 
Eight-Element (M = 8) Array Using the Classical Method and LMS Algorithm 
(d = 0.5%, SOI = 20°, y = 0.01, 55 iterations) 


O ome [ o muem 
w o 


EH 
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HE 
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SOI: 6 = 20° 


90 
0 -10 -20 -30 -30 m -10 0 
Figure 16.30 Normalized pattern of an eight-element (M = 8) linear array of isotropic 
elements with a spacing of d = 0.54 using both the classical method and LMS algorithm 
(u = 0.01, 55 iterations). 


The requirements of the beamformed pattern of the linear array of Example 16.4 
were that only a maximum (SOI) was placed at a specific angle, with no requirements 
on forming nulls (SNOIs) at specific angles. This was accomplished using both the LMS 
algorithm and the classical method of Section 6.3.3. However, if both a maximum and a 
null are desired simultaneously at specific angles, the classical method of Section 6.3.3 
cannot be used. In contrast, the beamforming method using the LMS algorithm, or any 
other algorithm, has that versatility. 

To demonstrate the capability of the LMS algorithm for pattern beamforming, with 
both maxima and nulls, let us consider another example. 


Example 16.5 


For the eight-element linear array of isotropic elements of Example 16.4, with d = 0.54 
spacing between them, it is now desired to place a maximum (SOI) at 6) = 20° (as was the 
case for Example 16.4) and also to simultaneously place a null (SNOI) at 0; = 45°. This 
cannot be accomplished with the classical method of Section 6.3.3. Therefore, perform this 
using the LMS algorithm. 


1. Determine the normalized amplitude (w’s) and phase (fs) excitation coeffi- 
cients of the elements. 

2. Plot the beamformed pattern. 

Solution: Using the LMS algorithm, the obtained normalized excitation amplitude and 


phase coefficients, after 81 iterations, are listed in Table 16.2. The corresponding beamformed 
pattern is shown in Figure 16.31. 
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It is evident that the obtained pattern does meet the desired specifications. It is also 
observed that the amplitude excitation coefficients are symmetrical about the center of the 
array (4—5th element). A similar symmetry has also been observed in beamforming using 
circular arrays. 


TABLE 16.2 Amplitude (w’s) and Phase (6’s) 
Excitation Coefficients of an Eight-Element (M = 8) 
Array Using the LMS Algorithm (d = 0.52, 

SOI = 20°, SNOI = 45°, y, = 0.01, 81 Iterations) 


LMS (i = 81) 
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SOI: 69 = 20° 0 
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Figure 16.31 Normalized pattern of an eight-element (M = 8) linear array of isotropic 
elements with a spacing of d = 0.5) using both the classical method and LMS algorithm 
(u = 0.01, 81 iterations). 
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16.9 MOBILE AD HOC NETWORKS (MANETs) 


As the necessity of exchanging and sharing data increases in our daily life, users 
demand ubiquitous, easy connectivity, and fast networks whether they are at work, 
at home, or on the move. Moreover, these users are interested in interconnecting all 
their personal electronic devices (PEDs) in an ad hoc fashion. This type of network is 
referred to as Mobile Ad hoc NETwork (MANET). However, MANETs are not only lim- 
ited to civilian use but also to disaster recovery (such as fire, flood, and earthquake), law 
enforcement (such as crowd control, search, and rescue), and tactical communications 
(such as soldiers coordinating moves in a battlefield) [68]. Thus, research in the area 
of mobile ad hoc networking has received wide interest. The ultimate objective is to 
design high capacity MANETs employing smart antennas. 

This section gives a brief overview of MANETs and discusses MANETs employing 
smart-antenna systems. In particular, a description of the network layout used for the 
results and simulations of Sections 16.10.5 and 16.10.6 is presented. Moreover, the 
protocol used by the MANETs employing smart antennas is described. 


16.9.1 Overview of Mobile Ad hoc NETworks (MANETs) 


A MANET consists of a collection of wireless mobile stations (nodes) forming a 
dynamic network whose topology changes continuously and randomly, and its inter- 
nodal connectivities are managed without the aid of any centralized administration. In 
contrast, cellular networks are managed by a centralized administration or base station 
controller (BSC) where each node is connected to a fixed base station. Moreover, 
cellular networks provide single hop connectivity between a node and a fixed base 
station while MANETS provide multihop connectivity between Node A (source) and 
Node B (destination), as illustrated in Figure 16.32. This figure shows an example of 
two nodes, Node A and Node B, that desire to exchange data and are at some distance 


Figure 16.32 Multihop example of a MANET. 
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apart. Because they are out of radio range with each other, it is necessary for Node A 
to use the neighboring or intermediate nodes in forwarding its data packets to Node B. 
In other words, the data packets from Node A are passed onto the neighboring nodes 
in a series of single hops until the data packets reach Node B. This type of interaction 
among nodes is referred to as peer to peer and follows a set of rules for communication, 
referred to as protocol. Because the responsibilities of organizing and controlling this 
network are distributed among the nodes, efficient routing protocols must operate in a 
distributed manner and must be topology independent [69]. Communication among the 
nodes takes place using one of the multiple access techniques: Time Division Multiple 
Access (TDMA), Frequency Division Multiple Access (FDMA), Code Division Multiple 
Access (CDMA), and Space Division Multiple Access (SDMA) [23]. 

The main advantage of MANETs is that they do not rely on extensive and expen- 
sive installations of fixed base stations throughout the usage area. Moreover, with the 
availability of multiple routes from the source node to the destination node, MANETs 
can perform route selection based on various metrics such as robustness and energy 
cost, thus optimizing network capacity and energy consumption of the individual node 
[70]. In other words, if the route with the smallest distances among the intermediate 
nodes from the source node to the destination node is considered, it would result in 
a low-capacity network because the many hops produce a long network delay and a 
higher possibility of a link failure (less robust network). However, because of the small 
distances among the intermediate nodes, each node or wireless device requires a small 
amount of energy to propagate its signal to its neighbor, thereby saving battery power. 
On the other hand, if the route with the farthest distances among the intermediate nodes 
was selected, it would result in a higher capacity network but with the most energy 
consumption. Therefore, this trade-off promotes research on algorithms that optimize 
network capacity, represented by throughput, and energy consumption based on the 
route selection. The main disadvantage of MANETs is that the network capacity drops 
considerably as the network size (number of nodes) increases. For a more in-depth 
study on the area of MANETs, the reader is referred to [71], [72]. 

The next section discusses mobile ad hoc networks employing smart-antenna sys- 
tems to improve network throughput. Furthermore, it discusses the protocol, based on 
the Medium Access Control (MAC) protocol of the IEEE 802.11 Wireless Local Area 
Network (WLAN) standard, used to allow the nodes to access the channel in a TDMA 
environment. 


16.9.2 MANETs Employing Smart-Antenna Systems 


The ability of smart antennas to direct their radiation energy toward the direction of 
the intended node while suppressing interference can significantly increase the network 
capacity compared to a network equipped with omnidirectional antennas because they 
allow the communication channel to be reused. In other words, nodes with omnidirec- 
tional antennas keep the neighboring nodes on standby during their transmission while 
nodes with smart antennas focus only on the desired nodes and allow the neighboring 
nodes to communicate (refer to Figure 16.33). Therefore, smart antennas together with 
efficient access protocols can provide high capacity as well as robustness and relia- 
bility to mobile ad hoc networks. This section discusses the MANET layout used for 
the design of a high network throughput smart-antenna system. Also, included in this 
section is a discussion of the MAC protocol used by the MANET. 
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Figure 16.33 Capacity comparison of a network employing omnidirectional antennas and a 
network with smart antennas. 
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Figure 16.34 MANET layout of 55 nodes used for the design of a high throughput smart-an- 
tenna system. 


A. The Wireless Network 
A MANET of 55 nodes uniformly distributed in an area of 1,000 x 600 m2, as shown in 


Figure 16.34, is implemented using OPNET™ Modeler/Radio® tool [73], a simulation 
software package developed by OPNET Technologies, Inc. to analyze, design, and 
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Figure 16.35 Example of three nodes communicating with each other. 


implement communication networks, devices, and protocols. The nodes of the wireless 
network are equipped with four planar subarrays to cover all possible directions as 
shown in Figure 16.35. Specifically, each planar subarray in a node covers a sector of 
90° (from —45° to +45°) relative to broadside (0 = 0°). For example, in the multihop 
network of Figure 16.35, Node A communicates with Node B with a beam scanned 
at 09, and Node B communicates with Node C with a beam scanned at 6. The data 
traffic through each of these nodes is modeled to follow a Poisson distribution, and 
each node changes position at random every time it transfers two consecutive packets 
(payload), to model the nodes’ mobility. The length of each payload packet is 1024 
bits. For more details on the MANET layout refer to [69], while the design of the 
smart-antenna system (i.e., antenna and adaptive signal processing) is presented in 
Section 16.10. 


B. The Protocol 

The protocol used for the MANET of Figure 16.35 is based on the MAC protocol 
of IEEE 802.11 Wireless Local Area Network standard and incorporates all necessary 
features to allow nodes to access the channel in a TDMA environment. Moreover, it 
facilitates the use of smart antennas and increases the spatial reuse of TDMA slots, 
thereby increasing the capacity of the network. The protocol timing diagram is shown 
in Figure 16.36. A brief explanation of the protocol follows. 


a. Channel Access—When a source node (SRC) has a packet to transmit to a 
destination node (DEST), which is within radio range in a single hop, it first 
senses the state of the communication channel. If the communication channel 
is busy, SRC waits until it becomes idle. Once the communication channel is 
idle, SRC sends a Request-To-Send (RTS) signal using the antenna array in 
nearly omnidirectional mode. This is possible by having only one active element 
of each subarray of Figure 16.35. When DEST receives successfully the RTS 
signal, it transmits in nearly omnidirectional mode a Clear-To-Send (CTS) signal 
to SRC. 

b. Beamforming—When all neighboring nodes receive the CTS signal sent by 
DEST, they wait or standby until beamforming is complete before accessing the 
channel. After SRC receives the CTS signal, it transmits the training packet for 
DEST (RXTRN) in nearly omnidirectional mode. DEST receives the RXTRN, 


MOBILE AD HOC NETWORKS (MANETs) 981 


Payload (1024 bits) 


Data Transfer 


Source 


Destination 
: Channel block with isotropic antennas 
i t 
Neighbors : i 
SRC: Source node 
DEST: Destination node Isotropic mode | 
RTS: Request To Send 
CTS: Clear To Send Directional mode || 
RXTRN: Training packet for DEST — 
TXTRN: Training packet for SRC Idle mode m 
ACK: Acknowledged signal 


Figure 16.36 MAC Protocol timing diagram (based on IEEE 802.11). 


determines the angle of arrival of the RXTRN signal using the DOA algorithm 
and computes the complex weights to steer the beam toward SRC. Then, DEST 
sends the training packet for SRC (TXTRN) in smart-antenna mode (i.e., using 
the computed weights for the array directed towards DEST). Finally, after SRC 
receives the TXTRN signal, it also computes the angle of arrival of the TXTRN 
signal using the DOA algorithm and the complex weights to steer the beam 
toward DEST. 

c. Data Transfer—Once SRC and DEST have directed their radiation pattern 
towards one another, the beamforming period is complete, and data transfer- 
ring (DATA) begins. At this time, the channel is freed for the other neighboring 
nodes to start transmitting their RTS signals. If the neighboring nodes' trans- 
mission causes interference above a predefined threshold to SRC and DEST, a 
new set of weights are computed by SRC and DEST to place nulls toward the 
direction of the interfering nodes (i.e., SNOIs). At the completion of the DATA 
packet, the acknowledged (ACK) signal is transmitted by DEST, acknowledging 
the successful reception of the DATA packet. 


Note that the training packets, RXTRN and TXTRN, are variable and are part of 
the payload (refer to Figure 16.36); thus, their lengths affect the length of the DATA 
packet, which is important because it is the packet that carries information. In other 
words, if the DATA packet is short, less information is transmitted and thus low net- 
work throughput results. Conversely, if the DATA packet is long, more information 
is transmitted and thus high network throughput is achieved. The influence of the 
beamforming period or training sequence length on the overall network throughput is 
investigated in Section 16.10.6. 

Another point to clarify is that if omnidirectional antennas were used instead of smart 
antennas, the communication channel would be blocked throughout DATA transmis- 
sion (refer to Figure 16.36). In other words, no node within radio range of SRC and 
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DEST would be allowed to transmit in order to avoid packet collision (i.e., interfer- 
ence). Thus, this infers that smart antennas increase network capacity by allowing the 
communication channel to be reused. 

Simulation results of MANETs using smart antennas, described in this section, are 
presented in Sections 16.10.5 and 16.10.6. 


16.10 SMART-ANTENNA SYSTEM DESIGN, SIMULATION, AND RESULTS 


This section illustrates the design process of a smart-antenna system. The first step of 
this process is to choose and design an antenna element (in this chapter, a microstrip 
patch). Then, these designed antenna elements are combined in a particular configura- 
tion to form an array. The array configuration, the interelement spacing, and reference 
signal or training sequence are used in the LMS algorithm to compute the appropriate 


complex weights. Finally, these weights are tested using the Ensemble [35] software 
to verify the overall design. The design process just described is documented below 
with the aid of some preliminary results. Network capacity for various antenna patterns 
is evaluated in order to guide the antenna design for high network capacity. 


16.10.1 Design Process 


The objective in this chapter is to introduce a process to design a smart-antenna 
system for a portable device. The proposed design process is composed of several 
steps or objectives. The first step of this process is to design an antenna suitable for 
the network/communication requirements such as the required beamwidth to main- 
tain a tolerable bit error rate (BER) or throughput. The antenna design constitutes of 
a single-element design (e.g., dimensions, material, and geometry), and array design 
(e.g., configuration, interelement spacing, and number of elements). To optimize the 


antenna design, the Ensemble ® [35], a MoM (Method of Moments) simulation soft- 
ware package, analyzes the design and computes the S-parameters, Z-parameters, and 
far-field amplitude patterns. 

After the antenna design step is complete, the second step is to select an adaptive 
algorithm that minimizes the MSE. In addition, a sidelobe control technique is imple- 
mented to prevent environmental noise or clutter noise from being received by the 
high sidelobes and reduce the overall system performance. Because of its complexity, 
the details of this step will be omitted. The interested reader is referred to [17], [18]. 

After the adaptive algorithm has determined the complex weights that scan the beam 
toward the direction of the SOI, and place the nulls toward the direction of the SNOIs, 


these complex weights are entered in Ensemble" [35] as the final step of the design 
process to verify the overall design. Specifically, the final step consists of comparing the 


far-field amplitude patterns produced by Ensemble [35] using the computed complex 
weights with the cavity model far-field patterns (i.e., using the array factor produced 
by the LMS algorithm's weights and the single-element pattern). 


16.10.2 Single Element — Microstrip Patch Design 


The first step of the design process is to design a single element. As mentioned earlier, 
because microstrip patch antennas are inexpensive, lightweight, conformal, easy to 
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manufacture, and versatile, they are the most suitable type of elements for portable 
devices. A rectangular microstrip patch antenna is considered in this chapter. It is 
designed to operate at a frequency of 20 GHz (i.e., f, = 20 GHz) using silicon as a 
substrate material with a dielectric constant of 11.7 (1.e., e, = 11.7), a loss tangent of 
0.04 (i.e., tan 6 = 0.04), a thickness of 0.300 mm (i.e., h = 0.300 mm), and an input 
impedance of 50 ohms (i.e., Rin = 50 ohms). 


16.10.3 Rectangular Patch 


The rectangular patch is by far the most widely used configuration. It has very attrac- 
tive radiation characteristics and low cross-polarization radiation [34]. In this chapter, 
the rectangular patch is analyzed and designed using the cavity model, and then its 


design is optimized using the IE/MoM with the aid of Ensemble". [35] that computes 
S-parameters for microstrip and planar microwave structures. 

The first step of the design procedure of a rectangular patch antenna is to compute 
its physical dimensions. The physical width, W, is calculated using (14-6) while its 
physical length, L, is computed using (14-7) and (14-1) to (14-2). Afterward, the probe 
location or excitation feed point is determined using (14-202) in order to match the 
impedance (i.e., R;, — 50 ohms). The computed geometry values obtained from the 
cavity model are summarized in Figure 16.37. 

After the rectangular patch antenna is designed using the cavity model, its design 


is verified with Ensemble [35]. As expected, because the cavity model is not as 
accurate as the IE/MoM, the location and the physical dimensions of the probe of the 
rectangular patch need to be taken into account and optimized in order for the element 
to resonate at 20 GHz with an input resistance of 50 ohms. The optimized design 


parameters of the rectangular patch antenna using the Ensemble? are also shown in 
Figure 16.37. 

The magnitude of Sj, versus frequency (also referred to as return loss) is shown, as 
a verification of the design, in Figure 16.38. It shows that the rectangular patch antenna 
is indeed resonating at 20 GHz with a return loss of —21.5 dB, and its —3 dB and 
—10 dB bandwidths are 0.74 GHz and 0.25 GHz, respectively. Because the radio's 
power amplifier tends to reduce its output power, or worse become unstable if the 
VSWR is too large, a stricter definition of the antenna bandwidth is recommended. 
Thus, less than the —10 dB bandwidth is used. 


Cavity Optimized 

Model | Ensemble? 
Ww 2.976 mm 2.247 mm 
L 2.129 mm 2.062 mm 
Yo 1.488 mm 1.164 mm 

raw), 

X, 1.256 mm 0.794 mm 
h 0.300 mm 0.300 mm 
£, 11.7, Si 11.7, Si 
jf. 20 GHz 20 GHz 


Figure 16.37 Rectangular patch antenna design using the cavity model. 
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Figure 16.38 Sı; (return loss) for the 20 GHz rectangular patch antenna. (source: [18] © 
2002 IEEE) 


The far-field amplitude patterns along the E-plane (i.e., Eg when $ = 0^) and the 


H-plane (i.e., Eg when $ = 90°) from Ensemble [35] are compared with the cavity 
model patterns, and they are shown in Figure 16.39. The H-plane far-field patterns 
from the two models match almost perfectly; however, the E-plane far-field pattern, 


based on Ensemble ® [35], shows a maximum at 0 = 5° and a null at 0 = 90°. The 
reasons for these discrepancies between the two patterns are that the cavity model (the 
least accurate of the two methods) 


1. does not take into account the probe location, and that it 


2. assumes the dielectric material of the substrate is truncated and does not cover 
the ground plane beyond the edges of the patch (see Chapter 14, Section 14.2.2). 


16.10.4 Array Design 


To electronically scan a radiation pattern in a given direction, an array of elements 
arranged in a specific configuration is essential. Two configurations are chosen here: 
the linear array and the planar array. Although linear arrays lack the ability to scan 
in 3-D space, planar arrays can scan the main beam in any direction of 0 (elevation) 
and @ (azimuth). Consequently, a planar array is best suited for portable devices that 
require to communicate in any direction. However, in this chapter, a linear array is 
designed and analyzed initially for simplicity to illustrate some important features. 
Then, a planar array is designed to be eventually incorporated in the smart-antenna 
system for a wireless and mobile device. 


A. Linear Array Design 

Following the design of the individual rectangular patch antenna, a linear array of 
eight microstrip patches with interelement spacing of 4/2 (half wavelength), where À is 
1.5 cm (based on the resonance frequency of 20 GHz), is designed (see Figure 16.40). 
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Figure 16.39 Rectangular patch antenna amplitude patterns using the cavity model and Ensem- 


bie® [35]. (source: [18] © 2002 IEEE) 
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Figure 16.40 Design of an eight-element linear array with rectangular patches. 
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The reasons for choosing interelement spacing of 4/2 are as follows. To combat fading, 
the interelement spacing of at least 4/2 is necessary so that the signals received from dif- 
ferent antenna elements are (almost) independent in a rich scattering environment (more 
precisely, in a uniform scattering environment [74], [75]). In such cases, the antenna 
arrays provide performance improvement through spatial diversity. However, to avoid 
grating lobes (multiple maxima), the interelement spacing should not exceed one wave- 
length. But most important, to avoid aliasing and causing of nulls to be misplaced, the 
interelement spacing should be less or equal to 4/2 (the Nyquist rate) [76]. Thus, to 
satisfy all three conditions, the interelement spacing of 4/2 (half wavelength) is chosen. 

The total amplitude radiation patterns of the eight-element linear array based on the 
cavity model are represented, neglecting coupling, by the product of the element pattern 
(static pattern) and the array factor (dynamic pattern). In Chapter 6 this is referred to 
as pattern multiplication, and it is represented by (6-5). The array factor is dynamic in 
the sense that it can be controlled by the complex weights, w,. The amplitudes of these 
complex weights control primarily the shape of the pattern and the major-to-minor lobe 
ratio while the phases control primarily the scanning capability of the array. 


B. Planar Array Design 

The planar arrays designed in this section are composed of only rectangular patches. 
Planar arrays of 4 x 4 and 8 x 8 elements of rectangular microstrip patches with 
interelement spacing of 2/2 (half wavelength), where X is 1.5 cm, are designed. The 
design and dimensions of the 8 x 8 planar array are given in Figure 16.41. Those of 
the 4 x 4 design are similar. 


16.10.5 4 x 4 Planar Array versus 8 x 8 Planar Array 


After the design and analysis of the 4 x 4 and 8 x 8 planar arrays with rectangular patch 
elements, it is necessary to determine which array configuration is most attractive for 
a wireless device in a Mobile Ad hoc NETwork (MANET) described in Section 16.9. 
As observed in Chapter 6, the number of array elements affects the beamwidth of a 
radiation pattern. That is, when more elements are used in an array (larger size array), 
the narrower is the main beam. Furthermore, the narrower beamwidth will resolve 
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Figure 16.41 Design of an 8 x 8 planar array with rectangular patches. (source: [18] © 2002 
IEEE) 
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Figure 16.42 Average network throughput versus network load for different array sizes and 
excitations. (SOURCE: [18] © 2002 IEEE) 


more accurately the SOIs and the SNOIs. However, these results and inferences do not 
quantify the overall performance of the network. Therefore, an ad hoc network of 55 
nodes (see Figure 16.34) equipped with the 4 x 4 and 8 x 8 planar arrays is simulated 


using OPNET™ Modeler/Radio” tool [73], and the average network throughput (G avg) 
is measured. 

Figure 16.42 shows the average network throughput versus network load (i.e., 
Gayg VS. Layg) for the different nonadaptive antenna patterns; both uniform and 
Tschebyscheff (—26 dB). This figure indicates that the throughput for the case of the 
8 x 8 array size is greater compared to the 4 x 4 array size, and also the Tschebyscheff 
arrays provide slightly greater throughput than their respective uniform arrays. These 
are attributed, respectively, to smaller beamwidths of the 8 x 8 arrays (compared to 
the 4 x 4 arrays) and lower sidelobes of the Tschebyscheff arrays (compared to the 
uniform arrays). In both cases, the smaller beamwidths and lower sidelobes lead to 
lower cochannel interference. Thus, on the basis of the network throughput results, the 
8 x 8 array configuration is chosen for the remaining part of this chapter. 


16.10.6 Adaptive Beamforming 


The previous section described nonadaptive beamforming where the array factors of 
the array were obtained from complex weights that did not depend on the signal 
environment. However, the array factors of this section are produced from complex 
weights or excitations that depend on the signal environment. This technique is referred 
to as adaptive beamforming where a digital signal processor (DSP) computes the 
complex weights using an adaptive algorithm that generate an array factor for an 
optimal signal-to-interference ratio (SIR). Specifically, this results in an array pattern 
where ideally the maximum of the pattern is placed toward the source or SOI while 
nulling the interferers or SNOIs. Because of this, adaptive beamformers tend to be 
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more costly owing to the extra hardware compared to nonadaptive beamformers. Thus, 
the question may be, how much improvement do adaptive beamformers provide over 
nonadaptive ones? 

In order to answer this question, the overall network throughput of an adaptive 
beamformer is compared to the throughput of a nonadaptive beamformer. Each beam- 
former is equipped with an 8 x 8 planar array and receives an SOI at broadside (i.e., 
6) = 0°) and an SNOI at 0; = 45°, $, = 0°. The radiation pattern used for the nonadap- 
tive beamformer is a Tschebyscheff design of -26 dB and for the adaptive beamformer 
it is the LMS algorithm [discussed in Section 16.8.4(B)] generated pattern. The E-plane 
($ = 0°) of each beamformer is compared in Figure 16.43. The adaptive beamformer or 
the LMS algorithm generated pattern shown in Figure 16.43 has the maximum toward 
the SOI and the null toward the SNOI while the nonadaptive Tschebyscheff design 
beamformer has only the maximum toward the SOI. Also, the intensity toward the 
SNOI for the Tschebyscheff design is 48 dB higher than that of the LMS algorithm 
generated pattern. Thus, by attenuating the strength of the interferer more, it would 
be expected that the throughput of the adaptive beamformer will be higher than the 
throughput of the nonadaptive beamformer since the cochannel interference is reduced 
and the SIR is higher. In fact, as shown in Figure 16.44, where the throughput of the 
adaptive beamformer is compared to the throughput of the Tschebyscheff (—26 dB 
sidelobe level) nonadapted antenna pattern, the LMS beamforming algorithm pattern 
leads to a higher throughput even though the Tschebyscheff pattern exhibits much 
lower minor lobes. 

To investigate the influence of the beamforming period or training sequence length 
(refer to Figure 16.36) on the network efficiency, the network throughput and the 
network delay are plotted, respectively, in Figure 16.45 and Figure 16.46 for vari- 
ous beamforming periods or training sequence lengths. It is apparent that the network 
throughput drops and the network delay increases significantly with increasing beam- 
forming period or training sequence length. These figures show that, for this particular 
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Figure 16.43  E-plane ( = 0°) radiation pattern comparison for the nonadaptive beamformer 
and adaptive beamformer. 
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Figure 16.44 Network throughput comparison of the adaptive and nonadaptive beamformer. 
(source: [18] © 2002 IEEE) 
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Figure 16.45 Beamforming period or training sequence length effects on the network 
throughput. (source: [18] © 2002 IEEE) 


network, for beamforming periods or training sequence lengths larger than 20% of 
the payload, results in a network throughput and network delay similar to a net- 
work of omnidirectional antennas. Therefore, this suggests that smart antennas may 
be not as effective for networks with long beamforming periods or large training 
sequence lengths. 
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Figure 16.46 Beamforming period or training sequence length effects on the network delay. 
(source: [18] © 2002 IEEE) 


16.11 BEAMFORMING, DIVERSITY COMBINING, RAYLEIGH-FADING, 
AND TRELLIS-CODED MODULATION 


In this section, adaptive antenna arrays using the LMS algorithm are used to evaluate 
the performance of a communication channel using the Bit Error Rate (BER) as crite- 
rion. The adaptive array used is an 8 x 8 planar array whose patterns are beamformed 
so that the SOIs and SNOIs are in directions listed in Table 16.3. The BER of the chan- 
nel is evaluated initially assuming only an SOI and then an SOI plus an SNOI; then 
the performance of the two is compared. For all the cases considered in this section, 
the desired (SOI) and interfering signals (SNOI) are assumed to be synchronized, which 
is considered as a worst-case assumption. It is also assumed that the desired and inter- 
fering signals have equal power. For the LMS algorithm, the length of the training 
sequence was selected to be 60 symbols, and it is transmitted every data sequence of 
length 940 symbols (total 1,000 symbols; i.e., 6% overhead). The symbol rate chosen 
was 100 Hz (symbol duration of T — 1/100 — 0.01 — I0 msec) [18], [75]. 

The BER of a communication channel with Binary Phase Shift Keying (BPSK) 
modulation is first evaluated where the received signal is corrupted with an Additive 
White Gaussian Noise (AWGN). The results are shown in Figure 16.47 with the set 
of curves marked uncoded. It is apparent that the adaptive antenna array using the 
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Figure 16.47 BER for uncoded BPSK over AWGN channel and trellis-coded QPSK modula- 
tion based on eight-state trellis encoder. (source: [18] © 2002 IEEE) 


LMS algorithm can suppress one interferer without any performance loss over an 
AWGN channel. 

To improve the performance of the system, trellis-coded modulation (TCM) [74] 
schemes are used together with adaptive arrays [75]-[77]. In this scheme, the source 
bits are mapped to channel symbols using a TCM scheme, and the symbols are inter- 
leaved using a pseudorandom interleaver to uncorrelate the consecutive symbols to 
prevent bursty errors. The signal received by the adaptive antenna array consists of a 
faded version of the desired signal and a number of interfering signals plus AWGN. The 
receiver combines the signals from each antenna element using the LMS algorithm. A 
trellis-coded Quadrature Phase Shift Keying (QPSK) modulation scheme based on an 
eight-state trellis encoder was considered [75]. The performance of the TCM QPSK 
system in terms of BER is also displayed in Figure 16.47 with the set of curves indi- 
cated as TCM. It is again observed that the adaptive antenna array using the LMS 
algorithm can suppress one interferer without loss in performance. By comparing the 
two sets of data, uncoded versus TCM coded, it is apparent that the QPSK TCM sys- 
tem over AWGN is better than that of the uncoded BPSK system over AWGN channel 
by about 1.5 dB at a BER of 1075. 

Wireless communication systems are characterized by time-varying multipath chan- 
nels, which are typically modeled as "fading channels." Fading, if not mitigated by 
powerful signal-processing and communication techniques, degrades the performance 
of a wireless system dramatically. In order to combat fading, the receiver is typi- 
cally provided with multiple replicas of the transmitted signal [31]. If the replicas fade 
(almost) independently of each other, then the transmitted information will be recovered 
with high probability since all the replicas will not typically fade simultaneously. An 
effective diversity technique is space diversity where multiple transmit and/or receive 
antennas are used. At the receiver, if the separation between antenna elements is at 
least 4/2, the signal received from different antenna elements are (almost) independent 
in a rich scattering environment (more precisely, in a uniform scattering environment) 
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Figure 16.48 BER over uncoded Rayleigh-fading channel with Doppler spreads of fm = 0.1 
Hz (f, T = 0.001) and fm = 0.2 Hz (fmT = 0.002). (source: [18] © 2002 IEEE) 


[78] and hence, in such cases, the antenna arrays provide performance improvement 
through spatial diversity. For the channels considered in this section, a Rayleigh-fading 
channel is assumed. 

In order to simulate the fading channel, a filtered Gaussian model is used with a first- 
order low-pass filter. The BER results of the LMS algorithm of the uncoded system over 
a Rayleigh flat fading AWGN channel are displayed in Figure 16.48. The BER results 
indicate that when the Doppler spread of the channel is fm = 0.1 Hz (fmT = 0.001), 
the performance of the system degraded about 4 dB if one equal power interferer is 
present compared to the case of no interferers. If the channel faded more rapidly, it is 
observed that the LMS algorithm performs poorly. For example, the performance of the 
system over the channel with f, = 0.2 Hz (fmT = 0.002) Doppler spread degraded 
about 4 dB at a BER of 107^ compared to the case when the Doppler spread was 
0.1 Hz. An error floor for the BER was observed for SNRs larger than about 18 dB. For 
a relatively faster fading in the presence of an equal power interferer, the performance 
of the system degrades dramatically, implying that the performance of the adaptive 
algorithm depends highly on the fading rate. Furthermore, if the convergence rate of 
the LMS algorithm is not sufficiently high to track the variations over a rapidly fading 
channel, adaptive algorithms with faster convergence should be employed. 

The same system but with TCM coding was then analyzed over a Rayleigh-fading 
channel and the BER results for Doppler spreads of fm = 0.1 Hz (f, T = 0.001) and 
Ím = 0.2 Hz (finT = 0.002), are shown in Figure 16.49. When the TCM coded data of 
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Figure 16.49 BER for trellis-coded QPSK modulation over Rayleigh-fading channel with 
Doppler spreads of fm = 0.1 Hz (f, T = 0.001) and fm = 0.2 Hz (finT = 0.002). (source: [18] 
© 2002 IEEE) 


Figure 16.49 is compared with that of uncoded system of Figure 16.48, it is observed 
that when the Doppler spread is 0.2 Hz and there is one interferer, there is still a 
reducible error floor on the BER. However, the error floor is reduced compared to the 
uncoded BPSK case. It can be concluded that the TCM scheme provides some coding 
advantage in addition to spatial diversity advantage. 


16.12 OTHER GEOMETRIES 


Until now, the investigation of smart antennas suitable for wireless communication 
systems has involved primarily rectilinear arrays: uniform linear arrays (RLAs) and 
uniform rectangular arrays (URAs). Different algorithms have been proposed for the 
estimation of the direction of arrivals (DOAs) of signals arriving to the array and 
several adaptive techniques have been examined for the shaping of the radiation pat- 
tern under different constraints imposed by the wireless environment. Another general 
antenna configuration that can be used for pattern beamforming is that of circular 
topologies. Two such geometries are shown in Figures 16.50 and 16.51: a uniform cir- 
cular array (UCA) of Figure 16.50 and a uniform planar circular array (UPCA) of 
Figure 16.51. In the literature for adaptive antennas, not as much attention has been 
devoted so far to circular configurations despite their ability to offer some advantages. 
An obvious advantage results from the azimuthal symmetry of the UCA geometry. 
Because of the fact that a UCA does not have edge elements, directional patterns 
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Figure 16.51 Geometry of uniform planar circular array. 


synthesized by this geometry can be electronically scanned in the azimuthal plane 
without a significant change in beam shape. 

Because of space limitations, the analysis and beamforming capabilities of these 
configurations will not be pursued further here. The reader is referred to the literature 
[79]-[82] and others. 


16.13 MULTIMEDIA 


In the CD that is part of the book, the following multimedia resources are included for 
the review, understanding, and visualization of the material of this chapter: 


a. Java-based interactive questionnaire, with answers. 


b. Matlab computer program, designated DOA, for computing the direction of 
arrival of linear and planar arrays. 
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c. Matlab computer program, designated Smart, for computing and displaying the 
radiation characteristics of linear and planar smart-antenna beamforming designs. 


d. Power Point (PPT) viewgraphs, in multicolor. 
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16.1. 


16.2. 
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16.4. 


16.5. 


16.6. 


16.7. 


16.8. 


16.9. 


16.10. 


16.11. 


16.12. 


16.13. 


16.14. 


16.15. 


16.16. 


For a linear array of 8 elements with a spacing of d = 0.54, determine the 
DOA, using the DOA computer program, assuming an SOI at 6) = 0° and 
no SNOIs. 


Repeat Problem 16.1 assuming an SOI at 6) = 0° and an SNOI at 6, = 60°. 


For a planar array of 8 x 8 elements with a spacing of d, = d, = 0.52, 
determine the DOA, using the DOA computer program, assuming an SOI 
at 0) = 20°, po = 90° and no SNOIs. 


Repeat Problem 16.3 assuming an SOI at 6) = 20°, $9 = 90° and two SNOIs, 
one at 0; = 60°, $, = 180° and the other at 6) = 45°, $; = 270°. 


Repeat Example 16.2 for a desired signal at 6) = 0° and an interference signal 
at 45°. Assume no coupling. Plot the pattern. 


Repeat Example 16.2 for a desired signal at 6) = 0° and an interference signal 
at 60°. Assume no coupling. Plot the pattern. 


Repeat Example 16.3 for a desired signal at 6) = 0° and an interference sig- 
nal at 45°. Assume coupling and use the same coupling coefficients. Plot 
the pattern. 


Repeat Example 16.3 for a desired signal at 6) = 0° and an interference sig- 
nal at 60°. Assume coupling and use the same coupling coefficients. Plot 
the pattern. 


Using the LMS algorithm, beamform the pattern of the array factor of a 
linear array of 10 elements, with a uniform A/2 spacing between them, so the 
maximum (SOT) of the array is broadside (09 = 0°). Assume no requirements 
on the nulls (SNOIs). 


Repeat Problem 16.9 but with the maximum (SOJ) of the array toward 6) = 
30°. Assume no requirements on the nulls (SNOIs). 


Repeat Problem 16.9 with the maximum (SOI) of the array toward 6) = 0° 
and a null (SNOD) toward 0, = 30°. 


Repeat Problem 16.10 with the maximum (SOD of the array toward 6) = 30° 
and a null (SNOT) toward 6, = 60°. 


Using the LMS algorithm, beamform the pattern of the array factor of a planar 
array of 10 x 10 elements, with a uniform 4/2 spacing between them so that the 
maximum (SOTI) of the array is broadside (6) = 0°). Assume no requirements 
on the nulls (SNOIs). 


Repeat Problem 16.13 but with the maximum (SOD of the array toward $o = 
45°, 09 = 30°. Assume no requirements on the nulls (SNOIs). 


Repeat Problem 16.13 with the maximum (SOI) of the array toward 6) = 0° 
and a null (SNOD) toward $, = 45°, 6; = 30°. 


Repeat Problem 16.14 with the maximum (SOT) of the array toward ġo = 45°, 
6o = 30° and a null (SNOT) toward $4 = 45°, 0; = 60°. 
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Antenna Measurements 


17.1 INTRODUCTION 


In the previous sixteen chapters, analytical methods have been outlined which can 
be used to analyze, synthesize, and numerically compute the radiation characteristics 
of antennas. Often many antennas, because of their complex structural configuration 
and excitation method, cannot be investigated analytically. Although the number of 
radiators that fall into this category has diminished, because special analytical meth- 
ods (such as the GTD, Moment Method, Finite-Difference Time-Domain and Finite 
Element) have been developed during the past few years, there are still a fair number 
that have not been examined analytically. In addition, experimental results are often 
needed to validate theoretical data. 

As was discussed in Chapter 3, Section 3.8.1, it is usually most convenient to per- 
form antenna measurements with the test antenna in its receiving mode. If the test 
antenna is reciprocal, the receiving mode characteristics (gain, radiation pattern, etc.) 
are identical to those transmitted by the antenna. The ideal condition for measuring 
far-field radiation characteristics then, is the illumination of the test antenna by plane 
waves: uniform amplitude and phase. Although this ideal condition is not achievable, 
it can be approximated by separating the test antenna from the illumination source 
by a large distance on an outdoor range. At large radii, the curvature of the spherical 
phasefront produced by the source antenna is small over the test antenna aperture. If 
the separation distance is equal to the inner boundary of the far-field region, 2D7/A, 
then the maximum phase error of the incident field from an ideal plane wave is about 
22.5^, as shown in Figure 17.1. In addition to phasefront curvature due to finite sep- 
aration distances, reflections from the ground and nearby objects are possible sources 
of degradation of the test antenna illumination. 

Experimental investigations suffer from a number of drawbacks such as: 


1. For pattern measurements, the distance to the far-field region (r > 2D?/A) is 
too long even for outside ranges. It also becomes difficult to keep unwanted 
reflections from the ground and the surrounding objects below acceptable levels. 

2. In many cases, it may be impractical to move the antenna from the operating 
environment to the measuring site. 
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Figure 17.1 Phase error at the edges of a test antenna in the far-field when illuminated by a 
spherical wave. 


3. For some antennas, such as phased arrays, the time required to measure the 
necessary characteristics may be enormous. 


4. Outside measuring systems provide an uncontrolled environment, and they do 
not possess an all-weather capability. 


5. Enclosed measuring systems usually cannot accommodate large antenna systems 
(such as ships, aircraft, large spacecraft, etc.). 


6. Measurement techniques, in general, are expensive. 


Some of the above shortcomings can be overcome by using special techniques, such 
as indoor measurements, far-field pattern prediction from near-field measurements 
[1]-[4], scale model measurements, and automated commercial equipment specifically 
designed for antenna measurements and utilizing computer assisted techniques. 

Because of the accelerated progress made in aerospace/defense related systems (with 
increasingly small design margins), more accurate measurement methods were neces- 
sary. To accommodate these requirements, improved instrumentation and measuring 
techniques were developed which include tapered anechoic chambers [5], compact and 
extrapolation ranges [2], near-field probing techniques [2]- [4], improved polarization 
techniques and swept-frequency measurements [6], indirect measurements of antenna 
characteristics, and automated test systems. 

The parameters that often best describe an antenna system's performance are the 
pattern (amplitude and phase), gain, directivity, efficiency, impedance, current distribu- 
tion, and polarization. Each of these topics will be addressed briefly in this chapter. A 
more extensive and exhaustive treatment of these and other topics can be found in the 
IEEE Standard Test Procedures for Antennas [7], in a summarized journal paper [8], 
and in a book on microwave antenna measurements [6]. Most of the material in this 
chapter is drawn from these three sources. The author recommends that the IEEE pub- 
lication on test procedures for antennas becomes part of the library of every practicing 
antenna and microwave engineer. 
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17.2 ANTENNA RANGES 


The testing and evaluation of antennas are performed in antenna ranges. Antenna 
facilities are categorized as outdoor and indoor ranges, and limitations are associated 
with both of them. Outdoor ranges are not protected from environmental conditions 
whereas indoor facilities are limited by space restrictions. Because some of the antenna 
characteristics are measured in the receiving mode and require far-field criteria, the 
ideal field incident upon the test antenna should be a uniform plane wave. To meet this 
specification, a large space is usually required and it limits the value of indoor facilities. 


17.2.1 Reflection Ranges 


In general, there are two basic types of antenna ranges: the reflection and the free-space 
ranges. The reflection ranges, if judiciously designed [9], can create a constructive 
interference in the region of the test antenna which is referred to as the "quiet zone." 
This is accomplished by designing the ranges so that specular reflections from the 
ground, as shown in Figure 17.2, combine constructively with direct rays. 

Usually it is desirable for the illuminating field to have a small and symmetric 
amplitude taper. This can be achieved by adjusting the transmitting antenna height 
while maintaining constant that of the receiving antenna. These ranges are of the 
outdoor type, where the ground is the reflecting surface, and they are usually employed 
in the UHF region for measurements of patterns of moderately broad antennas. They 
are also used for systems operating in the UHF to the 16-GHz frequency region. 


17.2.2 Free-Space Ranges 


Free-space ranges are designed to suppress the contributions from the surrounding envi- 
ronment and include elevated ranges, slant ranges [10], anechoic chambers, compact 
ranges [2], and near-field ranges |4]. 
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Figure 17.2 Geometrical arrangement for reflection range. (source: L. H. Hemming and R. 
A. Heaton, “Antenna Gain Calibration on a Ground Reflection Range," IEEE Trans. Antennas 
Propagat., Vol. AP-21, No. 4, pp. 532-537, July 1973. O (1973) IEEE) 
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A. Elevated Ranges 

Elevated ranges are usually designed to operate mostly over smooth terrains. The 
antennas are mounted on towers or roofs of adjacent buildings. These ranges are used to 
test physically large antennas. A geometrical configuration is shown in Figure 17.3(a). 
The contributions from the surrounding environment are usually reduced or eliminated 


by [7] 


1. carefully selecting the directivity and side lobe level of the source antenna 
2. clearing the line-of-sight between the antennas 


3. redirecting or absorbing any energy that is reflected from the range surface and/or 
from any obstacles that cannot be removed 


4. utilizing special signal-processing techniques such as modulation tagging of the 
desired signal or by using short pulses 


In some applications, such as between adjacent mountains or hilltops, the ground 
terrain may be irregular. For these cases, it is more difficult to locate the specular 
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Figure 17.3 Geometries of elevated and slant ranges. (sources: IEEE Standard Test Procedures 
for Antennas, IEEE Std 149-1979, published by IEEE, Inc., 1979, distributed by Wiley; and P. 
W. Arnold, “The ‘Slant’ Antenna Range," JEEE Trans. Antennas Propagat., Vol. AP-14, No. 5, 
pp. 658—659, September 1966. © (1966) IEEE). 
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reflection points (points that reflect energy toward the test antenna). To take into account 
the irregular surface, scaled drawings of the vertical profile of the range are usually 
constructed from data obtained from the U.S. Geological Survey. The maps show 
ground contours [11], and they give sufficient details which can be used to locate 
the specular reflection points, determine the level of energy reflected toward the test 
antenna, and make corrections if it is excessive. 


B. Slant Ranges 

Slant ranges [10] are designed so that the test antenna, along with its positioner, are 
mounted at a fixed height on a nonconducting tower while the source (transmitting) 
antenna is placed near the ground, as shown in Figure 17.3(b). The source antenna is 
positioned so that the pattern maximum, of its free-space radiation, is oriented toward 
the center of the test antenna. The first null is usually directed toward the ground 
specular reflection point to suppress reflected signals. Slant ranges, in general, are 
more compact than elevated ranges in that they require less land. 


C. Anechoic Chambers 

To provide a controlled environment, an all-weather capability, and security, and to 
minimize electromagnetic interference, indoor anechoic chambers have been developed 
as an alternative to outdoor testing. By this method, the testing is performed inside a 
chamber having walls that are covered with RF absorbers. The availability of com- 
mercial high-quality RF absorbing material, with improved electrical characteristics, 
has provided the impetus for the development and proliferation of anechoic cham- 
bers. Anechoic chambers are mostly utilized in the microwave region, but materials 
have been developed [12] which provide a reflection coefficient of —40 dB at normal 
incidence at frequencies as low as 100 MHz. In general, as the operating frequency 
is lowered, the thickness of RF absorbing material must be increased to maintain a 
given level of reflectivity performance. An RF absorber that meets the minimum elec- 
trical requirements at the lower frequencies usually possesses improved performance 
at higher frequencies. 

Presently there are two basic types of anechoic chamber designs: the rectangu- 
lar and the tapered chamber. The design of each is based on geometrical optics 
techniques, and each attempts to reduce or to minimize specular reflections. The geo- 
metrical configuration of each, with specular reflection points depicted, is shown in 
Figures 17.4(a) and 17.4(b). 

The rectangular chamber [13] is usually designed to simulate free-space conditions 
and maximize the volume of the quiet zone. The design takes into account the pattern 
and location of the source, the frequency of operation, and it assumes that the receiving 
antenna at the test point is isotropic. Reflected energy is minimized by the use of high- 
quality RF absorbers. Despite the use of RF absorbing material, significant specular 
reflections can occur, especially at large angles of incidence. 

Tapered anechoic chambers [14] take the form of a pyramidal horn. They begin 
with a tapered chamber which leads to a rectangular configuration at the test region, as 
shown in Figure 17.4(b). At the lower end of the frequency band at which the chamber 
is designed, the source is usually placed near the apex so that the reflections from the 
side walls, which contribute to the illuminating fields in the region of the test antenna, 
occur near the source antenna. For such paths, the phase difference between the direct 
radiation and that reflected from the walls near the source can be made very small by 
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Figure 17.4 Rectangular and tapered anechoic chambers and the corresponding side-wall spec- 
ular reflections. (source: W. H. Kummer and E. S. Gillespie, “Antenna Measurements— 1978,” 
Proc. IEEE, Vol. 66, No. 4, pp. 483—507, April 1978. © (1978) IEEE) 


properly locating the source antenna near the apex. Thus the direct and reflected rays 
near the test antenna region add vectorially and provide a relatively smooth amplitude 
illumination taper. This can be illustrated by ray-tracing techniques. 

As the frequency of operation increases, it becomes increasingly difficult to place 
the source sufficiently close to the apex that the phase difference between the direct 
and specularly reflected rays can be maintained below an acceptable level. For such 
applications, reflections from the walls of the chamber are suppressed by using high- 
gain source antennas whose radiation toward the walls is minimal. In addition, the 
source is moved away from the apex, and it is placed closer to the end of the tapering 
section so as to simulate a rectangular chamber. 


17.2.8 Compact Ranges 


Microwave antenna measurements require that the radiator under test be illuminated 
by a uniform plane wave. This is usually achieved only in the far-field region, which 
in many cases dictates very large distances. The requirement of an ideal plane wave 
illumination can be nearly achieved by utilizing a compact range. 

A Compact Antenna Test Range (CATR) is a collimating device which generates 
nearly planar wavefronts in a very short distance (typically 10—20 meters) compared 
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to the 2D?/) (minimum) distance required to produce the same size test region using 
the standard system configuration of testing shown in Figure 17.1. Some attempts have 
been made to use dielectric lenses as collimators [15], but generally the name compact 
antenna test range refers to one or more curved metal reflectors which perform the 
collimating function. Compact antenna test ranges are essentially very large reflec- 
tor antennas designed to optimize the planar characteristics of the fields in the near 
field of the aperture. Compact range configurations are often designated according to 
their analogous reflector antenna configurations: parabolic, Cassegrain, Gregorian, and 
so forth. 

One compact range configuration is that shown in Figure 17.5 where a source 
antenna is used as an offset feed that illuminates a paraboloidal reflector, which con- 
verts the impinging spherical waves to plane waves [2]. Geometrical Optics (GO) is 
used in Figure 17.5 to illustrate general CATR operation. The rays from a feed antenna 
can, over the main beam, be viewed as emanating from a point at its phase center. 
When the phase center of the feed is located at the prime focus of a parabolic reflec- 
tor, all rays that are reflected by the reflector and arrive at a plane transverse to the 
axis of the parabola have traveled an equal distance. See Chapter 15, Section 15.4 
for details. Therefore, the field at the aperture of the reflector has a uniform phase; 
i.e., that of a plane wave. In addition to Geometrical Optics, analysis and design of 
CATRs have been performed with a number of other analytical methods. Compact 
range test zone fields have been predicted by the Method of Moments (MoM), but 
at high frequencies, the large electrical size of the CATR system makes the use of 
MoM, Finite-Difference Time-Domain (FD-TD), and Finite Element Method (FEM) 
impractical. High-frequency techniques, however, are well suited for compact range 
analysis because the fields of interest are near the specular reflection direction, and 
the reflector is electrically large. The Geometrical Theory of Diffraction (GTD) is, in 
principle, an appropriate technique, but it is difficult to implement for serrated-edge 
reflectors due to the large number of diffracting edges. To date, Physical Optics (PO) 
is probably the most practical and efficient method of predicting the performance of 
CATRs [16], [17]. 

The major drawbacks of compact ranges are aperture blockage, direct radiation 
from the source to the test antenna, diffractions from the edges of the reflector and 
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Figure 17.5 A Compact Antenna Test Range (CATR) synthesizes planar phase fronts by 
collimating spherical waves with a section of paraboloidal reflector. 
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feed support, depolarization coupling between the two antennas, and wall reflections. 
The use of an offset feed eliminates aperture blockage and reduces diffractions. Direct 
radiation and diffractions can be reduced further if a reflector with a long focal length is 
chosen. With such a reflector, the feed can then be mounted below the test antenna and 
the depolarization effects associated with curved surfaces are reduced. Undesirable 
radiation toward the test antenna can also be minimized by the use of high-quality 
absorbing material. These and other concerns will be discussed briefly. 


A. CATR Performance 

A perfect plane wave would be produced by a CATR if the reflector has an ideal 
parabolic curvature, is infinite in size and is fed by a point source located at its focus. 
Of course CATR reflectors are of finite size, and their surfaces have imperfections; 
thus the test zone fields they produce can only approximate plane waves. Although 
there are different configurations of CATR, their test zone fields have some common 
characteristics. The usable portion of the test zone consists of nearly planar wavefronts 
and is referred to as the “quiet zone.” Outside the quiet zone, the amplitude of the 
fields decreases rapidly as a function of distance transverse to the range axis. The 
size of the quiet zone is typically about 50%-—60% of the dimensions of the main 
reflector. Although the electromagnetic field in the quiet zone is often a very good 
approximation, it is not a “perfect” plane wave. The imperfections of the fields in the 
quiet zone from an ideal plane wave are usually represented by phase errors, and ripple 
and taper amplitude components. These discrepancies from an ideal plane wave, that 
occur over a specified test zone dimension, are the primary figures of merit of CATRs. 
For most applications phase deviations of less than 10°, peak-to-peak amplitude ripples 
of less than 1 dB, and amplitude tapers of less than | dB are considered adequate. 
More stringent quiet-zone specifications may be required to measure, within acceptable 
error levels, low-side lobe antennas and low-observable scatterers. The sources of 
quiet-zone taper and ripple are well known, but their minimization is a source of 
much debate. 

Amplitude taper across the quiet zone can be attributed to two sources: the feed 
pattern and space-attenuation. That portion of the radiation pattern of the feed antenna 
which illuminates the CATR reflector is directly mirrored into the quiet zone. For 
example, if the 3-dB beamwidth of the feed is equal to about 60% of the angle formed 
by lines from the reflector edges to the focal point, then the feed will contribute 3 dB of 
quiet-zone amplitude taper. In general, as the directivity of the feed antenna increases, 
quiet-zone amplitude taper increases. Usually, low-gain feed antennas are designed to 
add less than a few tenths of a dB of amplitude taper. The 1/r? space-attenuation occurs 
with the spherical spreading of the uncollimated radiation from the feed. Although the 
total path from the feed to the quiet zone is a constant, the distance from the feed to 
the reflector varies. These differences in the propagation distances from the feed to 
various points across the reflector surface cause amplitude taper in the quiet zone due 
to space-attenuation. This taper is asymmetric in the plane of the feed offset. 

Amplitude and phase ripple are primarily caused by diffractions from the edges 
of the reflector. The diffracted fields are spread in all directions which, along with 
the specular reflected signal, form constructive and destructive interference patterns in 
the quiet zone, as shown in Figure 17.6(a). Considerable research has been done on 
reflector edge terminations in an effort to minimize quiet-zone ripple. Reflector edge 
treatments are the physical analogs of windowing functions used in Fourier transforms. 
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Figure 17.6 Amplitude and phase ripple in the quiet-zone fields produced by a compact 
antenna test range caused by the phasor sum of the reflected and diffracted rays from the 
reflector. (source: W. D. Burnside, M. C. Gilreath, B. M. Kent and G. L. Clerici, “Curved Edge 
Modification of Compact Range Reflectors,” IEEE Trans. Antennas Propagat., Vol. AP-35, No. 
2, pp. 176—182, February 1987. © (1987) IEEE) 


Edge treatments reduce the discontinuity of the reflector/free-space boundary, caused 
by the finite size of the reflector, by providing a gradually tapered transition. Common 
reflector edge treatments include serrations and rolled edges, as shown in Figure 17.7(a, 
b). The serrated edge of a reflector tapers the amplitude of the reflected fields near the 
edge. An alternate interpretation of the effects of serrations is based on edge diffrac- 
tion. Serrations produce many low-amplitude diffractions as opposed to, for example, 
the large-amplitude diffractions that would be generated by the four straight edges 
and corners of a rectangular knife-edged reflector. These small diffractions are quasi- 
randomized in location and direction; hence, they are likely to have cancellations in the 
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(a) Front view of a serrated-edge (b) Side view of a rolled-edge 
CATR reflector. CATR reflector. 


Figure 17.7 Two common CATR reflector edge treatments that are used to reduce the diffracted 
fields in the quiet zone. 


quiet zone. Although most serrated-edge CATRs have triangular serrations, curving the 
edges of each serration can result in improved performance at high frequencies [18]. A 
number of blended, rolled-edge treatments have been suggested as alternatives to ser- 
rations, and have been implemented to gradually redirect energy away from the quiet 
zone, as shown in Figure 17.6(b) [19]—[21]. In these designs, the concave parabolic 
surface of the reflector is blended into a convex surface which wraps around the edges 
of the reflector and terminates behind it. The predicted quiet-zone fields produced 
by a knife-edged reflector compared to those produced by a rolled-edged reflector are 
shown, respectively, in Figures 17.8(a,b) and demonstrate the effectiveness of this edge 
treatment. Another method of reducing quiet-zone ripple is to taper the illumination 
amplitude near the reflector edges. This can be accomplished with a high-gain feed 
or the feed can consist of an array of small elements designed so that a null in the 
feed pattern occurs at the reflector edges [22]—[25]. Finally, the surface currents on the 
reflector can be terminated gradually at the edges by tapering the conductivity and/or 
the impedance of the reflector via the application of lossy material. 

The frequency of operation of a CATR is determined by the size of the reflector and 
its surface accuracy. The low-frequency limit is usually encountered when the reflector 
is about 25 to 30 wavelengths in diameter [26]. Quiet-zone ripple becomes large at 
the low-frequency limit. At high frequencies, reflector surface imperfections contribute 
to the quiet-zone ripple. A rule of thumb used in the design of CATRs is that the 
surface must deviate less than about 0.0074 from that of a true paraboloid [27]. Since 
the effects of reflector surface imperfections are additive, dual reflector systems must 
maintain twice the surface precision of a single reflector system to operate at the same 
frequency. Many CATR systems operate typically from 1 GHz to 100 GHz. 


B. CATR Designs 
Four reflector configurations that have been commercially developed will be briefly dis- 
cussed: the single paraboloid, the dual parabolic-cylinder, the dual shaped-reflector, 
and the single parabolic-cylinder systems. The first three configurations are relatively 
common fully collimating compact ranges; the fourth is a hybrid approach which com- 
bines aspects of compact range technology with near-field/far-field (NF/FF) techniques. 
The single paraboloidal reflector CATR design was illustrated in Figure 17.5. As 
with all compact range designs, the feed antenna is offset by some angle from the 
propagation direction of the collimated energy. This is done to eliminate blockage and 
to reduce scattering of the collimated fields by the feed. To achieve this offset, the 
reflector is a sector of a paraboloid that does not include the vertex. This design is 
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Figure 17.8 Predicted quiet-zone field amplitude versus transverse distance for knife-edge and 
rolled-edge reflectors. (source: W. D. Burnside, M. C. Gilreath, B. M. Kent, and G. L. Clerici, 
“Curved Edge Modification of Compact Range Reflectors,” IEEE Trans. Antennas Propagat., 
Vol. AP-35, No. 2, pp. 176—182, February 1987. © (1987) IEEE) 


referred to as a “virtual vertex" compact range. With only one reflector, the paraboloidal 
CATR has a minimum number of surfaces and edges that can be sources of quiet-zone 
ripple. Feed spillover into the quiet zone is also low with this design since the feed 
antenna is pointed almost directly away from the test zone. On the other hand, it 
is more difficult and costly to produce a high-precision surface that is curved in two 
planes (three-dimensional) compared to producing a reflector that is curved in only one 
plane (two-dimensional). In addition, it has been reported that the single paraboloidal 
reflector design depolarizes the incident fields to a greater degree than other CATR 
designs. This is due to the relatively low f/d ratio needed to simultaneously maintain 
the feed antenna between the test zone and the reflector while keeping the test zone as 
close as possible to the reflector aperture [28]. 
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Figure 17.9 Dual parabolic-cylinder compact range collimates the fields in one plane with first 
reflector and then collimates the fields in the orthogonal plane with second reflector. 


The dual parabolic-cylinder reflector concept is illustrated in Figure 17.9, and it 
consists of two parabolic cylinders arranged so that one is curved in one plane (vertical 
or horizontal) while the other is curved in the orthogonal plane. The spherical phase 
fronts radiated by the feed antenna are collimated first in the horizontal or vertical 
plane by the first reflector, then are collimated in the orthogonal plane by the second 
reflector [29]. Because the boresight of the feed antenna is directed at almost 90° to 
the plane wave propagation direction, direct illumination of the test zone by the feed 
can be relatively high. In practice, quiet-zone contamination from feed spillover is 
virtually eliminated through the use of range gating. Relatively low cross polarization 
is produced with this design because the doubly folded optics results in a long focal 
length main reflector. 

The dual shaped-reflector CATR, shown schematically in Figure 17.10, is similar 
in design to a Cassegrain antenna, but the reflector surfaces are altered from the clas- 
sical parabolic/hyperbolic shapes. An iterative design process is used to determine the 
shapes of the subreflector and main reflector needed to yield the desired quiet-zone 
performance. The shape of the subreflector maps the high-gain feed pattern into a 
nearly optimum illumination of the main reflector. An almost uniform energy density 
illuminates the central part of the main reflector while the amplitude tapers toward the 
reflector edges. This design results in a very high illumination efficiency (the power 
of the collimated quiet-zone fields relative to the system input power) [30]. Two of 
the consequences of this high illumination efficiency are (1) the reduction of spillover 
into the chamber reduces range clutter, and (2) the increased RF power delivered to 
the target increases system sensitivity. 
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Figure 17.10 Dual shaped-reflector compact range analogous to a Cassegrain system. 
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Figure 17.11 ASU Single-Plane Collimating Range (SPCR) produces a cylindrical wave in 
the quiet zone (artist rendering by Michael Hagelberg). 


The single parabolic-cylinder reflector system is essentially half of the dual 
parabolic-cylinder CATR. The reflector has a parabolic curvature in the vertical plane 
and is flat in the horizontal plane. This semicompact antenna test range collimates the 
fields only in the vertical plane, producing a quiet zone which consists of cylindrical 
waves, as shown in Figure 17.11 [31]-[33]. Such a compact range configuration 
is utilized in the ElectroMagnetic Anechoic Chamber (EMAC) at Arizona State 
University [32], [33]. 

This Single-Plane Collimating Range (SPCR) approach results in a number of 
advantages and compromises compared to conventional CATR systems and near- 
field/far-field (NF/FF) systems. For antennas that are small compared to the curvature 
of the cylindrical phasefront, far-field radiation patterns can be measured directly. 
Because of the folded optics, the radius of the cylindrical phasefront produced by the 
SPCR is larger than the radius of the spherical phasefront obtainable by separating the 
source antenna from the test antenna in a direct illumination configuration within the 
same anechoic chamber. Thus, with the SPCR it is possible to measure, directly, the 
far-field patterns of larger antennas compared to those directly measurable on an indoor 
far-field range. When the size of the antenna is significant relative to the curvature of 
the cylindrical phasefront, a NF/FF transformation is used to obtain the far-field pattern. 
However, because the fields are collimated in the vertical plane, only a one-dimensional 
transformation is required. This greatly simplifies the transformation algorithm. Most 
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importantly, there is a one-to-one correlation between a single azimuthal pattern cut 
measured in the near-field, and the predicted far-field pattern. The data acquisition 
time is identical to that of conventional CATRs, and the NF/FF calculation time is 
nearly negligible. Another advantage of the SPCR is the size of the quiet zone. In the 
vertical plane, the quiet-zone dimension compared to the SPCR reflector is similar to 
that of conventional CATRs (about 50% to 60%). However, in the horizontal plane, 
the quiet zone is nearly 100% of the horizontal dimension of the reflector. For a given 
size anechoic chamber and reflector, targets having much larger horizontal dimensions 
(yaw patterns of aircraft, for example) can be measured using the SPCR than is pos- 
sible using a conventional CATR. The SPCR system is relatively inexpensive; the 
manufacturer estimates that its cost is about 60% of conventional CATR systems. 

In addition to the added complexity of NF/FF transformation considerations, this 
cylindrical wave approach has other disadvantages compared to conventional CATR 
designs. Because the quiet-zone fields are expanding cylindrically as they propagate 
along the axis of the range, a large portion of the anechoic chamber is directly illumi- 
nated. This should be carefully considered in the design of the side walls of the anechoic 
chamber to control range clutter. Also, some measurement sensitivity is sacrificed for 
the same reason. 

Compact antenna test ranges enable the measurement of full-sized antennas in very 
short distances, usually within the controlled environment of an anechoic chamber. 
A compact antenna test range can be used to accomplish any type of antenna test- 
ing (including radiation patterns, gain, efficiency, etc.) that can be performed on an 
outdoor facility. 


17.2.4 Near-Field/Far-Field Methods 


The dimensions of a conventional test range can be reduced by making measurements 
in the near-field, and then using analytical methods to transform the measured near-field 
data to compute the far-field radiation characteristics [2]—[4], [34]. These are referred 
to as near-field to far-field (NF/FF) methods. Such techniques are usually used to 
measure patterns, and they are often performed indoors. Therefore, they provide a 
controlled environment and an all-weather capability, the measuring system is time 
and cost effective, and the computed patterns are as accurate as those measured in a 
far-field range. However, such methods require more complex and expensive systems, 
more extensive calibration procedures, more sophisticated computer software, and the 
patterns are not obtained in real time. 

The near-field measured data (usually amplitude and phase distributions) are mea- 
sured by a scanning field probe over a preselected surface which may be a plane, a 
cylinder, or a sphere. The measured data are then transformed to the far-field using 
analytical Fourier transform methods. The complexity of the analytical transformation 
increases from the planar to the cylindrical, and from the cylindrical to the spherical 
surfaces. The choice is primarily determined by the antenna to be measured. 

In general, the planar system is better suited for high-gain antennas, especially 
planar phased arrays, and it requires the least amount of computations and no move- 
ment of the antenna. Although the cylindrical system requires more computations than 
the planar, for many antennas its measuring, positioning, and probe equipment are 
the least expensive. The spherical system requires the most expensive computation, 
and antenna and probe positioning equipment, which can become quite significant for 


ANTENNA RANGES 1015 


large antenna systems. This system is best suited for measurements of low-gain and 
omnidirectional antennas. 

Generally, implementation of NF/FF transformation techniques begins with mea- 
suring the magnitude and phase of the tangential electric field components radiated by 
the test antenna at regular intervals over a well-defined surface in the near field. By 
the principle of modal expansion, the sampled E-field data is used to determine the 
amplitude and phase of an angular spectrum of plane, cylindrical, or spherical waves. 
Expressing the total field of the test antenna in terms of a modal expansion, allows the 
calculation of the field at any distance from the antenna. Solving for the fields at an 
infinite distance results in the far-field pattern. 

A consideration of the general case of scanning with ideal probes over an arbitrary 
surface [34] reveals that the choice of scanning surfaces is limited. Morse and Fesh- 
bach [35] show that derivation of the far-zone vector field from the near-field depends 
on vector wave functions that are orthogonal to that surface. Planar, circular cylindrical, 
spherical, elliptic cylindrical, parabolic cylindrical, and conical are the six coordinate 
systems that support orthogonal vector wave solutions. The first three coordinate sys- 
tems are conducive to convenient data acquisition, but the last three require scanning 
on an elliptic cylinder, a parabolic cylinder, or a sphere in conical coordinates [34]. 
Thus, the three NF/FF techniques that have been developed and are widely used are 
based on planar, cylindrical, and spherical near-field scanning surfaces. 

Acquisition of planar near-field data is usually conducted over a rectangular x- 
y grid, as shown in Figure 17.12(a), with a maximum near-field sample spacing of 
Ax = Ay = i/2 [36]. It is also possible to acquire the near-field measurements on a 
plane-polar grid [37] or a bipolar grid [38]. The test antenna is held stationary while the 
probe (typically an open-ended waveguide or small horn) is moved to each grid location 
on the plane. As the probe location varies, its orientation relative to the test antenna 
changes, as illustrated in Figure 17.13. This directive property of the probe, as well 
as its polarization, must be taken into account using the technique of probe compen- 
sation [3], [4]. Probe compensation methods use the well-known Lorentz reciprocity 
theorem to couple the far-zone fields of the test antenna to those of the measuring probe. 


(b) Cylindrical scanning (c) Spherical scanning 


(a) Planar scanning 


Figure 17.12 Three near-field scanning surfaces that permit convenient data acquisition 
(planar, cylindrical, and spherical). 
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Figure 17.13 Probe compensation of near-field measurements due to nonisotropic radiation 
pattern of the probe. 


The principal advantage of the planar near-field to far-field transformation, over 
the cylindrical and spherical techniques, is its mathematical simplicity. Furthermore, 
the planar transformation is suitable for applying the computationally efficient Fast 
Fourier Transform (FFT) algorithm [39]. Assuming that the number of near-field data 
points is 2” (or artificially padded to that number with points of zero value) where n 
is a positive integer, the full planar far-field transformation can be computed in a time 
proportional to (ka)? log, (ka) where a is the radius of the smallest circle that inscribes 
the test antenna [34]. Planar NF/FF techniques are well suited for measuring antennas 
which have low backlobes. These include directional antennas such as horns, reflector 
antennas, planar arrays, and so forth. The primary disadvantage of probing the near- 
field on a planar surface to calculate the far-field is that the resulting far-field pattern 
is over a limited angular span. If the planar scanning surface is of infinite extent, one 
complete hemisphere of the far-field can be computed. 

A complete set of near-field measurements over a cylindrical surface includes the 
information needed to compute complete azimuthal patterns for all elevation angles, 
excluding the conical regions at the top and bottom of the cylinder axis. Since the 
numerical integrations can be performed with the FFT, the cylindrical transformation 
exhibits numerical efficiencies and proportional computation times similar to those 
of the planar transformation. The angular modal expansion, however, is expressed in 
terms of Hankel functions, which can be more difficult to calculate, especially for 
large orders. 

The cylindrical scanning grid is shown in Figure 17.12(b). The maximum angular 
and vertical sample spacing is 


P À 
~ 2(a4- A) 


where à is the wavelength and a is the radius of the smallest cylinder that encloses 
the test antenna. 

A typical cylindrical scanning system is illustrated in Figure 17.14(a). The azimuthal 
location of the antenna is held constant while the fields are probed at discrete locations 


Ad (17-1) 


and 
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Figure 17.14 Schematic representation of typical cylindrical and spherical surface near-field 
positioning systems. 


in the vertical direction at some fixed distance from the antenna. At the completion 
of each vertical scan, the test antenna is rotated to the next angular position. The 
orientation of the probe with respect to the test antenna changes as the vertical location 
of the probe changes, thus a probe correction is generally required as in the planar 
case. In addition to directional antennas, the radiation patterns of antennas with narrow 
patterns along the vertical axis (horizontal fan beam antennas and vertical dipoles for 
example) can be predicted efficiently with the cylindrical NF/FF technique. 

The information obtained by scanning the near-field radiation over a spherical sur- 
face enclosing a test antenna makes possible the most complete prediction of the 
far-field radiation pattern. The spherical scanning grid is illustrated in Figure 17.12(c). 
When sampled at the rate of 


À 


0 = Mad (17-3) 
and 
is À 
$ — Wath (17-4) 


all of the spatial radiation characteristics of the test antenna are included in the trans- 
formation. Any far-field pattern cut can be computed from a complete near-field 
measurement with the spherical scanning scheme. Typically, a spherical scan is accom- 
plished by fixing the location and orientation of the probe and varying the angular 
orientation of the test antenna with a dual-axis positioner, as shown in Figure 17.14(b). 
Since the probe is always pointed directly toward the test antenna, probe correction can 
be neglected for sufficiently large scan radii [34]. However, in general, probe correction 
is necessary. 
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The primary drawback of the spherical scanning technique lies in the mathematical 
transformation. A significant portion of the transformation cannot be accomplished 
via FFTs. Numerical integrations, matrix operations, and simultaneous solution of 
equations are required. This increases the computational time and difficulty of the 
transformation considerably over those of the planar and cylindrical transformations. 


A. Modal-Expansion Method for Planar Systems 
The mathematical formulations of the planar NF/FF system are based on the plane 
wave (modal) expansion using Fourier transform (spectral) techniques. Simply stated, 
any monochromatic, but otherwise arbitrary, wave can be represented as a superpo- 
sition of plane waves traveling in different directions, with different amplitudes, but 
all of the same frequency. The objective of the plane wave expansion is to determine 
the unknown amplitudes and directions of propagation of the plane waves. The results 
comprise what is referred to as a modal expansion of the arbitrary wave. Similarly, 
cylindrical wave and spherical wave expansions are used to determine far-field pat- 
terns from fields measured in the near field over cylindrical and spherical surfaces, 
respectively. 

The relationships between the near-zone E-field measurements and the far-zone 
fields for planar systems follow from the transform (spectral) techniques of Chapter 12, 
Section 12.9, represented by (12-73)- (12-75), or 


1 OO LS F 
E(x, y, z) = — f / f(k,, k,)e 7" dk, dk, (17-5) 
4r? —oo 4 —oo 
where 
fk, ky) = x fi (kx, ky) + ây fy es ky) + Ae f ss) (17-5a) 
k = à,k, + á,k, + Ak (17-5b) 
r=4,x + a,y+4,z (17-5c) 


where f(k,, ky) represents the plane wave spectrum of the field. The x and y compo- 
nents of the electric field measured over a plane surface (z — 0) from (17-5) are 


1 oo oo . 
Ej 6,9270) = 75 f J f (s, kje iE die, dk, — (17-62) 
J^ J—oo J—oo 


1 oo oo . 
Eua y 270) = 3 f / fy (kx, ky)e 15» dk, dk, — (17-6b) 
! JU —o0 J —oo 


The x and y components of the plane wave spectrum, fx(kx, ky) and fy(kx, ky), 
are determined in terms of the near-zone electric field from the Fourier transforms of 
(17-6a) and (17-6b) as given by (12-852), (12-85b), or 


+b/2 pta/2 by yt ; 
felkx, ky) = J J Eza (x, y, z = Oet t t) ax! dy’ (17-7a) 
—b/2 NE 


a/2 


+b/2 pta/2 . ; f 
fy(kx, ky) = f J Es2(3 3/2 = Oe dx quy (17-7b) 
-b/2 J—a/2 
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The far-field pattern of the antenna, in terms of the plane wave spectrum function 
f, is then that of (12-107) 


—jkr 


.ke 
E(r,0,$) = j 2 


[cos 0f(k,, k,)] (17-8) 
Tr 


or (12-111) 
—jkr 


.ke 
Eo(r, 8,0) = j pem 


(fx coso + fy sing) (17-92) 


—jkr 


Eg(r,0, 6) = — cos 0 (— f, sing + f, cos d) (17-9b) 


The procedure then to determine the far-zone field from near-field measurements is 
as follows: 


1. Measure the electric field components E, (x', y’, z' = 0) and Eya x’, y’, z' = 0) 
in the near field. 


2. Find the plane wave spectrum functions fy and f, using (17-7a) and (17-7b). 
3. Determine the far-zone electric field using (17-8) or (17-92) and (17-9b). 


Similar procedures are used for cylindrical and spherical measuring systems except 
that the constant surfaces are, respectively, cylinders and spheres. However, their cor- 
responding analytical expressions have different forms. 

It is apparent once again, from another application problem, that if the tangential 
field components are known along a plane, the plane wave spectrum can be found, 
which in turn permits the evaluation of the field at any point. The computations become 
more convenient if the evaluation is restricted to the far-field region. 


B. Measurements and Computations 

The experimental procedure requires that a plane surface, a distance zo from the test 
antenna, be selected where measurements are made as shown in Figure 17.12(a). The 
distance zo should be at least two or three wavelengths away from the test antenna 
to be out of its reactive near-field region. The plane over which measurements are 
made is usually divided into a rectangular grid of M x N points spaced Ax and Ay 
apart and defined by the coordinates (mmAx, n^y,0) where —M/2 x m < M/2—1 
and —N/2xn x N/2— 1. The values of M and N are determined by the linear 
dimensions of the sampling plane divided by the sampling space. To compute the 
far-field pattern, it requires that both polarization components of the near field are 
measured. This can be accomplished by a simple rotation of a linear probe about the 
longitudinal axis or by the use of a dual-polarized probe. The probe used to make 
the measurements must not be circularly polarized, and it must not have nulls in the 
angular region of space over which the test antenna pattern is determined because the 
probe correction coefficients become infinite. 
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The measurements are carried out until the signal at the edges of the plane is of very 
low intensity, usually about 45 dB below the largest signal level within the measuring 


plane. Defining a and b the width and height, respectively, of the measuring plane, M 
and N are determined using 


(17-10a) 


(17-10b) 


The sampling points on the measuring grid are chosen to be less than 4/2 in order 
to satisfy the Nyquist sampling criterion. If the plane z = 0 is located in the far field of 
the source, the sample spacings can increase to their maximum value of 4/2. Usually 
the rectangular lattice points are separated by the grid spacings of 


Ax = — (17-11a) 


(17-11b) 


where k,, and ky, are real numbers and represent the largest magnitudes of k, and ky, 
respectively, such that f(k,, ky) = 0 for |k,| > kyo or |ky| > Kyo. 

At the grid sample points, the tangential electric field components, Ey and Ey, are 
recorded. The subscripts x and y represent, respectively, the two polarizations of the 
probe. The procedure for probe compensation is neglected here. A previously performed 
characterization of the probe is used to compensate for its directional effects in what 
is essentially an application of its “transfer function.” The electric field components 
over the entire plane can be reconstructed from the samples taken at the grid points, 
and each is given by 


N/2-1 M/2-1 
Exa(t,y.z=0)~ $5 J, E.mAx,nAy,0) 


n=—N/2m=—M/2 


: sin(kyox — mm) sin(kyoy — nz) 


(17-12a) 
kxox — mz kyoy — nz 
N/2-1 Mj2-1 
Ey (x, y,z=0) = p» 2: Ey(mAx, nAy, 0) 
n=—N/2m=—M/2 
Sinfsgx mr) Sy OR) sei ios 


kxox — mz kyoy — nz 


Using (17-12a) and (17-12b), f. and f, of (17-7a) and (17-7b) can be evaluated, 
using a FFT algorithm, at the set of wavenumbers explicitly defined by the discrete 
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Fourier transform and given by 


2am M M 
k = —~—<m<—-l (17-13a) 
MAx 2 2 
2 N N 
pu secu (17-13b) 
NAy 2 2 


The wavenumber spectrum points are equal to the number of points in the near-field 
distribution, and the maximum wavenumber coordinate of the wavenumber spectrum 
is inversely proportional to the near-field sampling spacing. While the maximum sam- 
pling spacing is A/2, there is no minimum spacing restrictions. However, there are 
no advantages to increasing the near-field sample points by decreasing the sample 
spacing. The decreased sample spacing will increase the limits of the wavenumber 
spectrum points, which are in the large evanescent mode region, and do not contribute 
to increased resolution of the far-field pattern. 

Increased resolution in the far-field power pattern can be obtained by adding arti- 
ficial data sampling points (with zero value) at the outer extremities of the near-field 
distribution. This artificially increases the number of sample points without decreasing 
the sample spacing. Since the sample spacing remains fixed, the wavenumber limits 
also stay fixed. The additional wavenumber spectrum points are all within the original 
wavenumber limits and lead to increased resolution in the computed far-field patterns. 

To validate the techniques, numerous comparisons between computed far-field pat- 
terns, from near-field measurements, and measured far-field patterns have been made. 
In Figure 17.15, the computed and measured sum and difference far-field azimuth plane 
patterns for a four-foot diameter parabolic reflector with a nominal gain of 30 dB are 
displayed [4]. Two measured far-field patterns were obtained on two different high- 
quality far-field ranges, one at the Georgia Institute of Technology and the other at 
Scientific-Atlanta. The third trace represents the computed far-field pattern from near- 
field measurements made at Georgia Tech. There are some minor discrepancies between 
the two measured far-field patterns which were probably caused by extraneous range 
reflections. The best agreement is between the computed far-field pattern and the one 
measured at Scientific-Atlanta. Many other comparisons have been made with sim- 
ilar success. The limited results shown here, and the many others published in the 
literature [4], [40] - [42] clearly demonstrate the capability of the near-field technique. 

The near-field technique provides the antenna designers information not previously 
available to them. For example, if a given far-field pattern does not meet required 
specifications, it is possible to use near-field data to pinpoint the cause [43]. Near-field 
measurements can be applied also to antenna analysis and diagnostic tasks [44], and it 
is most attractive when efficient near-field data collection and transformation methods 
are employed. 


17.3 RADIATION PATTERNS 


The radiation patterns (amplitude and phase), polarization, and gain of an antenna, 
which are used to characterize its radiation capabilities, are measured on the surface 
of a constant radius sphere. Any position on the sphere is identified using the standard 
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Figure 17.15 Measured and computed sum and difference mode principal-plane far-field pat- 
terns for a four-foot parabolic reflector. (source: E. D. Joy, W. M. Leach, Jr., G. P. Rodrique, 
and D. T. Paris, “Applications of Probe Compensated Near-Field Measurements," IEEE Trans. 
Antennas Propagat., Vol. AP-26, No. 3, pp. 379—389, May 1978. © (1978) IEEE) 


spherical coordinate system of Figure 17.16. Since the radial distance is maintained 
fixed, only the two angular coordinates (0, $) are needed for positional identification. 
A representation of the radiation characteristics of the radiator as a function of 0 and $ 
for a constant radial distance and frequency, is defined as the pattern of the antenna. 

In general, the pattern of an antenna is three-dimensional. Because it is impracti- 
cal to measure a three-dimensional pattern, a number of two-dimensional patterns, as 
defined in Section 2.2, are measured. They are used to construct a three-dimensional 
pattern. The number of two-dimensional patterns needed to construct faithfully a three- 
dimensional graph is determined by the functional requirements of the description, and 
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Figure 17.16 Spherical coordinate system geometry. (source: IEEE Standard Test Procedures 
for Antennas, IEEE Std 149-1979, published by IEEE, Inc., 1979, distributed by Wiley). 


the available time and funds. The minimum number of two-dimensional patterns is 
two, and they are usually chosen to represent the orthogonal principal E- and H-plane 
patterns, as defined in Section 2.2. 

A two-dimensional pattern is also referred to as a pattern cut, and it is obtained by 
fixing one of the angles (0 or $) while varying the other. For example, by referring 
to Figure 17.16, pattern cuts can be obtained by fixing $;(0 < $; X2) and varying 
0(0 < 0 < n). These are referred to as elevation patterns, and they are also displayed 
in Figure 2.19. Similarly 0 can be maintained fixed (0 < 0; < x) while $ is varied 
(0 < $x2z). These are designated as azimuthal patterns. Part (0 < $ < 2/2) of the 
0; = x/2 azimuthal pattern is displayed in Figure 2.19. 

The patterns of an antenna can be measured in the transmitting or receiving mode. 
The mode is dictated by the application. However, if the radiator is reciprocal, as is 
the case for most practical antennas, then either the transmitting or receiving mode can 
be utilized. For such cases, the receiving mode is selected. The analytical formulations 
upon which an amplitude pattern is based, along with the advantages and disadvan- 
tages for making measurements in the transmitting or receiving mode, are found in 
Section 3.8.2. The analytical basis of a phase pattern is discussed in Section 13.10. 
Unless otherwise specified, it will be assumed here that the measurements are per- 
formed in the receiving mode. 


17.3.1 Instrumentation 


The instrumentation required to accomplish a measuring task depends largely on 
the functional requirements of the design. An antenna-range instrumentation must be 
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designed to operate over a wide range of frequencies, and it usually can be classified 
into five categories [7]: 


source antenna and transmitting system 
receiving system 

positioning system 

recording system 


Doe po pes 


data-processing system 


A block diagram of a system that possesses these capabilities is shown in Figure 17.17. 

The source antennas are usually log-periodic antennas for frequencies below 1 GHz, 
families of parabolas with broadband feeds for frequencies above 400 MHz, and even 
large horn antennas. The system must be capable of controlling the polarization. Contin- 
uous rotation of the polarization can be accomplished by mounting a linearly polarized 
source antenna on a polarization positioner. Antennas with circular polarization can also 
be designed, such as crossed log-periodic arrays, which are often used in measurements. 

The transmitting RF source must be selected so that it has [7] frequency control, 
frequency stability, spectral purity, power level, and modulation. The receiving system 
could be as simple as a bolometer detector, followed possibly by an amplifier, and a 
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Figure 17.17 Instrumentation for typical antenna-range measuring system. (source: IEEE 
Standard Test Procedures for Antennas, IEEE Std 149—1979, published by IEEE, Inc., 1979, 
distributed by Wiley) 
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recorder. More elaborate and expensive receiving systems that provide greater sensi- 
tivity, precision, and dynamic range can be designed. One such system is a heterodyne 
receiving system [7], which uses double conversion and phase locking, which can be 
used for amplitude measurements. A dual-channel heterodyne system design is also 
available [7], and it can be used for phase measurements. 

To achieve the desired plane cuts, the mounting structures of the system must 
have the capability to rotate in various planes. This can be accomplished by utilizing 
rotational mounts (pedestals), two of which are shown in Figure 17.18. Tower-model 
elevation-over-azimuth pedestals are also available [7]. 

There are primarily two types of recorders; one that provides a linear (rectangular) 
plot and the other a polar plot. The polar plots are most popular because they pro- 
vide a better visualization of the radiation distribution in space. Usually the recording 
equipment is designed to graph the relative pattern. Absolute patterns are obtained by 
making, in addition, gain measurements which will be discussed in the next section. 
The recording instrumentation is usually calibrated to record relative field or power pat- 
terns. Power pattern calibrations are in decibels with dynamic ranges of 0—60 dB. For 
most applications, a 40-dB dynamic range is usually adequate and it provides sufficient 
resolution to examine the pattern structure of the main lobe and the minor lobes. 

In an indoor antenna range, the recording equipment is usually placed in a room 
that adjoins the anechoic chamber. To provide an interference free environment, the 
chamber is closed during measurements. To monitor the procedures, windows or closed- 
circuit TVs are utilized. In addition, the recording equipment is connected, through 
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Figure 17.18 Azimuth-over-elevation and elevation-over-azimuth rotational mounts. (SOURCE: 
IEEE Standard Test Procedures for Antennas, IEEE Std 149—1979, published by IEEE, Inc., 
1979, distributed by Wiley) 
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Figure 17.19 Block diagrams of typical instrumentations for measuring rectangular and polar antenna and RCS patterns. 
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synchronous servo-amplifier systems, to the rotational mounts (pedestals) using the 
traditional system shown in Figure 17.19(a). The system can record rectangular or 
polar plots. Position references are recorded simultaneously with measurements, and 
they are used for angular positional identification. As the rotational mount moves, the 
pattern is graphed simultaneously by the recorder on a moving chart. One of the axes 
of the chart is used to record the amplitude of the pattern while the other identifies 
the relative position of the radiator. A modern configuration to measure antenna and 
RCS patterns, using a network analyzer and being computer automated, is shown in 
Figure 17.19(b). 


17.3.2 Amplitude Pattern 


The total amplitude pattern of an antenna is described by the vector sum of the 
two orthogonally polarized radiated field components. The pattern on a conventional 
antenna range can be measured using the system of Figure 17.17 or Figure 17.19 with 
an appropriate detector. The receiver may be a simple bolometer (followed possibly 
by an amplifier), a double-conversion phase-locking heterodyne system [7, Fig. 14], or 
any other design. 

In many applications, the movement of the antenna to the antenna range can sig- 
nificantly alter the operational environment. Therefore, in some cases, antenna pattern 
measurements must be made in situ to preserve the environmental performance char- 
acteristics. A typical system arrangement that can be used to accomplish this is shown 
in Figure 17.20. The source is mounted on an airborne vehicle, which is maneuvered 
through space around the test antenna and in its far-field, to produce a plane wave 
and to provide the desired pattern cuts. The tracking device provides to the recording 
equipment the angular position data of the source relative to a reference direction. The 
measurements can be conducted either by a point-by-point or by a continuous method. 
Usually the continuous technique is preferred. 
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Figure 17.20 System arrangement for in situ antenna pattern measurements. (source: [EEE 
Standard Test Procedures for Antennas, IEEE Std 149—1979, published by IEEE, Inc., 1979, 
distributed by Wiley) 
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17.3.3 Phase Measurements 


Phase measurements are based on the analytical formulations of Section 13.10. The 
phase pattern of the field, in the direction of the unit vector à, is given by the y (0, p) 
phase function of (13—63). For linear polarization, û is real, and it may represent Ag 
or à, in the direction of 0 or @. 

The phase of an antenna is periodic, and it is defined in multiples of 360°. In 
addition, the phase is a relative quantity, and a reference must be provided during 
measurements for comparison. 

Two basic system techniques that can be used to measure phase patterns 
at short and long distances from the antenna are shown respectively, in 
Figures 17.21(a) and 17.21(b). For the design of Figure 17.21(a), a reference signal 
is coupled from the transmission line, and it is used to compare, in an appropriate 
network, the phase of the received signal. For large distances, this method does not 
permit a direct comparison between the reference and the received signal. In these 
cases, the arrangement of Figure 17.21(b) can be used in which the signal from the 
source antenna is received simultaneously by a fixed antenna and the antenna under 
test. The phase pattern is recorded as the antenna under test is rotated while the fixed 
antenna serves as a reference. The phase measuring circuit may be the dual-channel 
heterodyne system [7, Figure 15]. 


17.4 GAIN MEASUREMENTS 


The most important figure of merit that describes the performance of a radiator is the 
gain. There are various techniques and antenna ranges that are used to measure the 
gain. The choice of either depends largely on the frequency of operation. 


Antenna | 
Source under test | \ 
| | 
| | Movable 
l probe 
Reference 
Phase 7 Flexible 
measurement = cable 


circuit Test 


(a) Near-field 


Reference d Fixed 
Phase antenna 


measurement Rotary Distant 


circuit Test joint source 
Antenna O 
R under test 
otary [ 
mount C 


(b) Far-field 


Figure 17.21 Near-field and far-field phase pattern measuring systems. (source: IEEE Standard 
Test Procedures for Antennas, IEEE Std 149—1979, published by IEEE, Inc., 1979, distributed 
by Wiley) 
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Usually free-space ranges are used to measure the gain above | GHz. In addi- 
tion, microwave techniques, which utilize waveguide components, can be used. At 
lower frequencies, it is more difficult to simulate free-space conditions because of 
the longer wavelengths. Therefore between 0.1—1 GHz, ground-reflection ranges are 
utilized. Scale models can also be used in this frequency range. However, since the 
conductivity and loss factors of the structures cannot be scaled conveniently, the effi- 
ciency of the full scale model must be found by other methods to determine the gain 
of the antenna. This is accomplished by multiplying the directivity by the efficiency 
to result in the gain. Below 0.1 GHz, directive antennas are physically large and the 
ground effects become increasingly pronounced. Usually the gain at these frequen- 
cies is measured in situ. Antenna gains are not usually measured at frequencies below 
1 MHz. Instead, measurements are conducted on the field strength of the ground wave 
radiated by the antenna. 

Usually there are two basic methods that can be used to measure the gain of an 
electromagnetic radiator: absolute-gain and gain-transfer (or gain-comparison) mea- 
surements. The absolute-gain method is used to calibrate antennas that can then be 
used as standards for gain measurements, and it requires no a priori knowledge of 
the gains of the antennas. Gain-transfer methods must be used in conjunction with 
standard gain antennas to determine the absolute gain of the antenna under test. 

The two antennas that are most widely used and universally accepted as gain 
standards are the resonant A/2 dipole (with a gain of about 2.1 dB) and the pyrami- 
dal horn antenna (with a gain ranging from 12—25 dB). Both antennas possess linear 
polarizations. The dipole, in free-space, exhibits a high degree of polarization purity. 
However, because of its broad pattern, its polarization may be suspect in other than 
reflection-free environments. Pyramidal horns usually possess, in free-space, slightly 
elliptical polarization (axial ratio of about 40 to infinite dB). However, because of their 
very directive patterns, they are less affected by the surrounding environment. 


17.4.4 Absolute-Gain Measurements 


There are a number of techniques that can be employed to make absolute-gain mea- 
surements. A very brief review of each will be included here. More details can be 
found in [6]-[8]. All of these methods are based on the Friis transmission formula [as 
given by (2-118)] which assumes that the measuring system employs, each time, two 
antennas (as shown in Figure 2.31). The antennas are separated by a distance R, and it 
must satisfy the far-field criterion of each antenna. For polarization matched antennas, 
aligned for maximum directional radiation, (2-118) reduces to (2-119). 


A. Two-Antenna Method 
Equation (2-119) can be written in a logarithmic decibel form as 


4r R P, 
(Gor)ap + (Gor)ag = 20 log), T. + 10 log), P (17-14) 
t 


(Gor)ag = gain of the transmitting antenna (dB) 
(Gor)ap = gain of the receiving antenna (dB) 
P, = received power (W) 
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Figure 17.22 Typical two- and three-antenna measuring systems for single- and 
swept-frequency measurements. (source: J. S. Hollis, T. J. Lyon, and L. Clayton, Jr., Microwave 
Antenna Measurements, Scientific-Atlanta, Inc., Atlanta, Georgia, July 1970) 


(b) Swept frequency 


P, — transmitted power (W) 
R — antenna separation (m) 
À — operating wavelength (m) 


If the transmitting and receiving antennas are identical (Go, = Gor), (17-14) reduces to 


1 Ax R P, 
(Goi)as = (Gor)aB = 2 E (= ) + 10 logi4 (2)] (17-15) 
t 


By measuring R, 4, and the ratio of P,/P,, the gain of the antenna can be found. At 
a given frequency, this can be accomplished using the system of Figure 17.22(a). The 
system is simple and the procedure straightforward. For continuous multifrequency 
measurements, such as for broadband antennas, the swept-frequency instrumentation 
of Figure 17.22(b) can be utilized. 
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B. Three-Antenna Method 

If the two antennas in the measuring system are not identical, three antennas (a, b, c) 
must be employed and three measurements must be made (using all combinations of 
the three) to determine the gain of each of the three. Three equations (one for each 
combination) can be written, and each takes the form of (17-14). Thus 


(a-b Combination) 


4r R P. 
(Ga)as + (Gp)az = 20 logy, oe + 10 log), Dp. (17-16a) 


ta 


(a-c Combination) 


4r R Pre 
(Ga)ap + (Gc)as = 20 log), a + 10 log), P (17-16b) 


ta 


(b-c Combination) 


Ax R Pre 
(G5)as + (Gap = 20 logo (=) + 101og,, (5 ) (17-16c) 
b 


t 


From these three equations, the gains (Gz)ap, (Gp)ap, and (Ge)ag can be determined 
provided R, A, and the ratios of P,,/ Pig, Prc/ Pra, and P,c/P,p are measured. 

The two- and three-antenna methods are both subject to errors. Care must be uti- 
lized so 


. the system is frequency stable 

. the antennas meet the far-field criteria 

. the antennas are aligned for boresight radiation 

. all the components are impedance and polarization matched 


Un BR WN 


. there is a minimum of proximity effects and multipath interference 


Impedance and polarization errors can be accounted for by measuring the appropri- 
ate complex reflection coefficients and polarizations and then correcting accordingly 
the measured power ratios. The details for these corrections can be found in [7], [8]. 
There are no rigorous methods to account for proximity effects and multipath inter- 
ference. These, however, can be minimized by maintaining the antenna separation by 
at least a distance of 2D?/A, as is required by the far-field criteria, and by utilizing 
RF absorbers to reduce unwanted reflections. The interference pattern that is created 
by the multiple reflections from the antennas themselves, especially at small separa- 
tions, is more difficult to remove. It usually manifests itself as a cyclic variation in the 
measured antenna gain as a function of separation. 


C. Extrapolation Method 

The extrapolation method is an absolute-gain method, which can be used with the 
three-antenna method, and it was developed [15] to rigorously account for possible 
errors due to proximity, multipath, and nonidentical antennas. If none of the antennas 
used in the measurements are circularly polarized, the method yields the gains and 
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polarizations of all three antennas. If only one antenna is circularly polarized, this 
method yields only the gain and polarization of the circularly polarized antenna. The 
method fails if two or more antennas are circularly polarized. 

The method requires both amplitude and phase measurements when the gain and the 
polarization of the antennas are to be determined. For the determination of gains, ampli- 
tude measurements are sufficient. The details of this method can be found in [8], [45]. 


D. Ground-Reflection Range Method 

A method that can be used to measure the gain of moderately broad-beam anten- 
nas, usually for frequencies below 1 GHz, has been reported [46]. The method takes 
into account the specular reflections from the ground (using the system geometry of 
Figure 17.2), and it can be used with some restrictions and modifications with the two- 
or three-antenna methods. As described here, the method is applicable to linear anten- 
nas that couple only the electric field. Modifications must be made for loop radiators. 
Using this method, it is recommended that the linear vertical radiators be placed in a 
horizontal position when measurements are made. This is desired because the reflection 
coefficient of the earth, as a function of incidence angle, varies very rapidly for ver- 
tically polarized waves. Smoother variations are exhibited for horizontally polarized 
fields. Circularly and elliptically polarized antennas are excluded, because the earth 
exhibits different reflective properties for vertical and horizontal fields. 

To make measurements using this technique, the system geometry of Figure 17.2 
is utilized. Usually it is desirable that the height of the receiving antenna h, be much 
smaller than the range Ro (h, < Ro). Also the height of the transmitting antenna is 
adjusted so that the field of the receiving antenna occurs at the first maximum nearest 
to the ground. Doing this, each of the gain equations of the two- or three-antenna 
methods take the form of 


Ax R 
(Ga)ap + (Gp)as = 20 log yg 
rRp 
— 20log,q ( Dads + o) (17-17) 


where D4 and Dj are the directivities (relative to their respective maximum values) 
along Rp, and they can be determined from amplitude patterns measured prior to the 
gain measurements. Rp, Rr, A, and P,/P; are also measured. The only quantity that 
needs to be determined is the factor r which is a function of the radiation patterns of 
the antennas, the frequency of operation, and the electrical and geometrical properties 
of the antenna range. 

The factor r can be found by first repeating the above measurements but with 
the transmitting antenna height adjusted so that the field at the receiving antenna is 
minimized. The quantities measured with this geometry are designated by the same 
letters as before but with a prime (^) to distinguish them from those of the previous 
measurement. 

By measuring or determining the parameters 


1. Rr, Rp, P,, Da, and Dg at a height of the transmitting antenna such that the 
receiving antenna is at the first maximum of the pattern 
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2. Rk, Rh, P;, D, and Dh at a height of the transmitting antenna such that the 
receiving antenna is at a field minimum 


it can be shown [46] that r can be determined from 


= (ze) VAPAA Dg) Ro — v Dabo Rp (17-18) 
RpRb (P,/ P) Rr + Rp 


Now all parameters included in (17-17) can either be measured or computed from 
measurements. The free-space range system of Figure 17.22(a) can be used to perform 
these measurements. 


17.4.2 Gain-Transfer (Gain-Comparison) Measurements 


The method most commonly used to measure the gain of an antenna is the gain-transfer 
method. This technique utilizes a gain standard (with a known gain) to determine abso- 
lute gains. Initially relative gain measurements are performed, which when compared 
with the known gain of the standard antenna, yield absolute values. The method can 
be used with free-space and reflection ranges, and for in situ measurements. 

The procedure requires two sets of measurements. In one set, using the test antenna 
as the receiving antenna, the received power (Pr) into a matched load is recorded. In 
the other set, the test antenna is replaced by the standard gain antenna and the received 
power (Ps) into a matched load is recorded. In both sets, the geometrical arrangement 
is maintained intact (other than replacing the receiving antennas), and the input power 
is maintained the same. 

Writing two equations of the form of (17-14) or (17-17), for free-space or reflection 
ranges, it can be shown that they reduce to [7] 


P 
(Gr)as = (Gs)as + 1010810 (=) (17-19) 
s 


where (Gr)ag and (Gs)ag are the gains (in dB) of the test and standard gain antennas. 

System disturbance during replacement of the receiving antennas can be minimized 
by mounting the two receiving antennas back-to-back on either side of the axis of 
an azimuth positioner and connecting both of them to the load through a common 
switch. One antenna can replace the other by a simple, but very precise, 180° rotation 
of the positioner. Connection to the load can be interchanged by proper movement of 
the switch. 

If the test antenna is not too dissimilar from the standard gain antenna, this method 
is less affected by proximity effects and multipath interference. Impedance and polar- 
ization mismatches can be corrected by making proper complex reflection coefficient 
and polarization measurements [8]. 

If the test antenna is circularly or elliptically polarized, gain measurements using 
the gain-transfer method can be accomplished by at least two different methods. One 
way would be to design a standard gain antenna that possesses circular or elliptical 
polarization. This approach would be attractive in mass productions of power-gain 
measurements of circularly or elliptically polarized antennas. 
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The other approach would be to measure the gain with two orthogonal linearly 
polarized standard gain antennas. Since circularly and elliptically polarized waves can 
be decomposed to linear (vertical and horizontal) components, the total power of the 
wave can be separated into two orthogonal linearly polarized components. Thus the 
total gain of the circularly or elliptically polarized test antenna can be written as 


(Gr)as = 10logyg(Gry + Grp) (17-20) 


Gry and Gry are, respectively, the partial power gains with respect to vertical-linear 
and horizontal-linear polarizations. 

Gry is obtained, using (17-19), by performing a gain-transfer measurement with 
the standard gain antenna possessing vertical polarization. The measurements are 
repeated with the standard gain antenna oriented for horizontal polarization. This 
allows the determination of Gry. Usually a single linearly polarized standard gain 
antenna (a linear 4/2 resonant dipole or a pyramidal horn) can be used, by rotating 
it by 90°, to provide both vertical and horizontal polarizations. This approach is very 
convenient, especially if the antenna possesses good polarization purity in the two 
orthogonal planes. 

The techniques outlined above yield good results provided the transmitting and 
standard gain antennas exhibit good linear polarization purity. Errors will be introduced 
if either one of them possesses a polarization with a finite axial ratio. In addition, these 
techniques are accurate if the tests can be performed in a free-space, a ground-reflection, 
or an extrapolation range. These requirements place a low-frequency limit of 50 MHz. 

Below 50 MHz, the ground has a large effect on the radiation characteristics of the 
antenna, and it must be taken into account. It usually requires that the measurements 
are performed on full scale models and in situ. Techniques that can be used to measure 
the gain of large HF antennas have been devised [47]—[49]. 


17.5 DIRECTIVITY MEASUREMENTS 


If the directivity of the antenna cannot be found using solely analytical techniques, 
it can be computed using measurements of its radiation pattern. One of the methods 
is based on the approximate expressions of (2-27) by Kraus or (2-30b) by Tai and 
Pereira, whereas the other relies on the numerical techniques that were developed in 
Section 2.7. The computations can be performed very efficiently and economically 
with modern computational facilities and numerical techniques. 

The simplest, but least accurate, method requires that the following procedure 
is adopted: 


1. Measure the two principal E- and H-plane patterns of the test antenna. 

2. Determine the half-power beamwidths (in degrees) of the E- and H-plane pat- 
terns. 

3. Compute the directivity using either (2-27) or (2-30b). 


The method is usually employed to obtain rough estimates of directivity. It is more 
accurate when the pattern exhibits only one major lobe, and its minor lobes are negli- 
gible. 
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The other method requires that the directivity be computed using (2-35) where Praa 
is evaluated numerically using (2-43). The F (0;, $;) function represents the radiation 
intensity or radiation pattern, as defined by (2-42), and it will be obtained by mea- 
surements. Umax in (2-35) represents the maximum radiation intensity of F(0, $) in all 
space, as obtained by the measurements. 

The radiation pattern is measured by sampling the field over a sphere of radius r. 
The pattern is measured in two-dimensional plane cuts with ø; constant (0 < $; < 27) 
and 0 variable (0 < 0 < x), as shown in Figure 2.19, or with 0; fixed (0 < 6; < 7) 
and $ variable (0 < $ < 27r). The first are referred to as elevation or great-circle cuts, 
whereas the second represent azimuthal or conical cuts. Either measuring method can be 
used. Equation (2-43) is written in a form that is most convenient for elevation or great- 
circle cuts. However, it can be rewritten to accommodate azimuthal or conical cuts. 

The spacing between measuring points is largely controlled by the directive prop- 
erties of the antenna and the desired accuracy. The method is most accurate for 
broad-beam antennas. However, with the computer facilities and the numerical methods 
now available, this method is very attractive even for highly directional antennas. To 
maintain a given accuracy, the number of sampling points must increase as the pattern 
becomes more directional. The pattern data is recorded digitally on tape, and it can be 
entered into a computer at a later time. If on-line computer facilities are available, the 
measurements can be automated to provide essentially real-time computations. 

The above discussion assumes that all the radiated power is contained in a single 
polarization, and the measuring probe possesses that polarization. If the antenna is 
polarized such that the field is represented by both 6 and ¢ components, the partial 
directivities Dg(0, 9) and D4(0, $) of (2-17)-(2-17b) must each be found. This is 
accomplished from pattern measurements with the probe positioned, respectively, to 
sample the 0 and $ components. The total directivity is then given by (2-17)-(2- 
17b), or 


Do = Do + D; (17-21) 
where 4U 
IT 
Diam ee (17-2 1a) 
(Praado ag (Praa)o 
4t Ug 


Bimee—— ll (17-21b) 
(Praado AF (Praa)o 


Us, (Prado and Ug, (Praa)g represent the radiation intensity and radiated power as 
contained in the two orthogonal 0 and ¢ field components, respectively. 

The same technique can be used to measure the field intensity and to compute the 
directivity of any antenna that possesses two orthogonal polarizations. Many antennas 
have only one polarization (0 or $). This is usually accomplished by design and/or 
proper selection of the coordinate system. In this case, the desired polarization is defined 
as the primary polarization. Ideally, the other polarization should be zero. However, 
in practice, it is nonvanishing, but it is very small. Usually it is referred to as the cross 
polarization, and for good designs it is usually below —40 dB. 

The directivity of circularly or elliptically polarized antennas can also be mea- 
sured. Precautions must be taken [7] as to which component represents the primary 
polarization and which the cross-polarization contribution. 


1036 ANTENNA MEASUREMENTS 


17.6 RADIATION EFFICIENCY 


The radiation efficiency is defined as the ratio of the total power radiated by the antenna 
to the total power accepted by the antenna at its input terminals during radiation. System 
factors, such as impedance and/or polarization mismatches, do not contribute to the 
radiation efficiency because it is an inherent property of the antenna. 
The radiation efficiency can also be defined, using the direction of maximum radi- 
ation as reference, as : 
e ; gain 
radiation efficiency = ————— (17-22) 
directivity 


where directivity and gain, as defined in Sections 2.6 and 2.9, imply that they are mea- 
sured or computed in the direction of maximum radiation. Using techniques that were 
outlined in Sections 17.4 and 17.5 for the measurements of the gain and directivity, 
the radiation efficiency can then be computed using (17-22). 

If the antenna is very small and simple, it can be represented as a series network 
as shown in Figures 2.27(b) or 2.28(b). For antennas that can be represented by such 
a series network, the radiation efficiency can also be defined by (2-90) and it can 
be computed by another method [50]. For these antennas, the real part of the input 
impedance is equal to the total antenna resistance which consists of the radiation 
resistance and the loss resistance. 

The radiation resistance accounts for the radiated power. For many simple antennas 
(dipoles, loops, etc.), it can be found by analytically or numerically integrating the pat- 
tern, relating it to the radiated power and to the radiation resistance by a relation similar 
to (4-18). The loss resistance accounts for the dissipated power, and it is found by mea- 
suring the input impedance (input resistance — radiation resistance — loss resistance). 

Because the loss resistance of antennas coated with lossy dielectrics or antennas over 
lossy ground cannot be represented in series with the radiation resistance, this method 
cannot be used to determine their radiation efficiency. The details of this method can 
be found in [50]. 


17.7 IMPEDANCE MEASUREMENTS 


Associated with an antenna, there are two types of impedances: a self and a mutual 
impedance. When the antenna is radiating into an unbounded medium and there is no 
coupling between it and other antennas or surrounding obstacles, the self-impedance 
is also the driving-point impedance of the antenna. If there is coupling between the 
antenna under test and other sources or obstacles, the driving-point impedance is a 
function of its self-impedance and the mutual impedances between it and the other 
sources or obstacles. In practice, the driving-point impedance is usually referred to as 
the input impedance. The definitions and the analytical formulations that underlie the 
self, mutual, and input impedances are presented in Chapter 8. 

To attain maximum power transfer between a source or a source-transmission line 
and an antenna (or between an antenna and a receiver or transmission line-receiver), 
a conjugate match is usually desired. In some applications, this may not be the most 
ideal match. For example, in some receiving systems, minimum noise is attained if 
the antenna impedance is lower than the load impedance. However, in some transmit- 
ting systems, maximum power transfer is attained if the antenna impedance is greater 
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than the load impedance. If conjugate matching does not exist, the power lost can be 
computed [7] using 

2 

cct 


Prost = | Zant — Z% (17-23) 
Zant + Lect 


P, available 


where 


Zant = input impedance of the antenna 
Zect = input impedance of the circuits which are connected to the antenna at its 
input terminals 


When a transmission line is associated with the system, as is usually the case, the 
matching can be performed at either end of the line. In practice, however, the matching 
is performed near the antenna terminals, because it usually minimizes line losses and 
voltage peaks in the line and maximizes the useful bandwidth of the system. 

In a mismatched system, the degree of mismatch determines the amount of incident 
or available power which is reflected at the input antenna terminals into the line. The 
degree of mismatch is a function of the antenna input impedance and the characteristic 
impedance of the line. These are related to the input reflection coefficient and the input 
VSWR at the antenna input terminals by the standard transmission-line relationships of 


2 


Zu — Zel* VSWR- 1 
_ [Zan | -| (17-24) 


Pref _ Ir? 
Pinc [Zant + Zel? VSWR + 1 


where 


T = |IJe/” = voltage reflection coefficient at the antenna input terminals 
VSWR = voltage standing wave ratio at the antenna input terminals 
Ze = characteristic impedance of the transmission line 


Equation (17-24) shows a direct relationship between the antenna input impedance 
(Zant) and the VSWR. In fact, if Zan is known, the VSWR can be computed using 
(17-24). In practice, however, that is not the case. What is usually measured is the 
VSWR, and it alone does not provide sufficient information to uniquely determine the 
complex input impedance. To overcome this, the usual procedure is to measure the 
VSWR, and to compute the magnitude of the reflection coefficient using (17-24). The 
phase of the reflection coefficient can be determined by locating a voltage maximum or 
a voltage minimum (from the antenna input terminals) in the transmission line. Since 
in practice the minima can be measured more accurately than the maxima, they are 
usually preferred. In addition, the first minimum is usually chosen unless the distance 
from it to the input terminals is too small to measure accurately. The phase y of the 
reflection coefficient is then computed using [51] 


4 
y —2gx, + Qn — lr = Lan + (2n — l)r, n=1,2,3,... (17-25) 
8 


where 


n = the voltage minimum from the input terminals (i.e., n = 1 is used to locate 
the first voltage minimum) 
Xn = distance from the input terminals to the n" voltage minimum 
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Ag = wavelength measured inside the input transmission line (it is twice the 
distance between two voltage minima or two voltage maxima) 


Once the reflection coefficient is completely described by its magnitude and phase, 
it can be used to determine the antenna impedance by 


147 1+ | Je?" 
Z = Ze - = Ze — 17-26 
asz H e [Um (17-26) 


Other methods, utilizing impedance bridges, slotted lines, and broadband 
swept-frequency network analyzers, can be utilized to determine the antenna 
impedance [51]-[53]. 

The input impedance is generally a function of frequency, geometry, method of 
excitation, and proximity to its surrounding objects. Because of its strong dependence 
on the environment, it should usually be measured in situ unless the antenna possesses 
very narrow beam characteristics. 

Mutual impedances, which take into account interaction effects, are usually best 
described and measured by the cross-coupling coefficients S,,, of the device's 
(antenna’s) scattering matrix. The coefficients of the scattering matrix can then be 
related to the coefficients of the impedance matrix [54]. 


17.8 CURRENT MEASUREMENTS 


The current distribution along an antenna is another very important antenna parame- 
ter. A complete description of its amplitude and phase permit the calculation of the 
radiation pattern. 

There are a number of techniques that can be used to measure the current distri- 
bution [55]- [58]. One of the simplest methods requires that a small sampling probe, 
usually a small loop, be placed near the radiator. On the sampling probe, a current is 
induced which is proportional to the current of the test antenna. 

The indicating meter can be connected to the loop in many different ways [55]. If the 
wavelength is very long, the meter can be consolidated into one unit with the measuring 
loop. At smaller wavelengths, the meter can be connected to a crystal rectifier. In order 
not to disturb the field distribution near the radiator, the rectifier is attached to the meter 
using long leads. To reduce the interaction between the measuring instrumentation and 
the test antenna and to minimize induced currents on the leads, the wires are wound on 
a dielectric support rod to form a helical choke. Usually the diameter of each turn, and 
spacing between them, is about 4/50. The dielectric rod can also be used as a support 
for the loop. To prevent a dc short circuit on the crystal rectifier, a bypass capacitor is 
placed along the circumference of the loop. 

There are many other methods, some of them more elaborate and accurate, and the 
interested reader can refer to the literature [55]—[58]. 


17.9 POLARIZATION MEASUREMENTS 


The polarization of a wave was defined in Section 2.12 as the curve traced by the 
instantaneous electric field, at a given frequency, in a plane perpendicular to the direc- 
tion of wave travel. The far-field polarization of an antenna is usually measured at 
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Figure 17.23  Polarization ellipse and sense of rotation for antenna coordinate system. (SOURCE: 
IEEE Standard Test Procedures for Antennas, IEEE Std 149—1979, published by IEEE, Inc., 
1979, distributed by Wiley) 


distances where the field radiated by the antenna forms, in a small region, a plane 
wave that propagates in the outward radial direction. 

In a similar manner, the polarization of the antenna is defined as the curve traced 
by the instantaneous electric field radiated by the antenna in a plane perpendicular 
to the radial direction, as shown in Figure 17.23(a). The locus is usually an ellipse. 
In a spherical coordinate system, which is usually adopted in antennas, the polar- 
ization ellipse is formed by the orthogonal electric field components of Eg and E;. 
The sense of rotation, also referred to as the sense of polarization, is defined by the 
sense of rotation of the wave as it is observed along the direction of propagation [see 
Figure 17.23(b)]. 
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The general polarization of an antenna is characterized by the axial ratio (AR), the 
sense of rotation (CW or CCW, RH or LH), and the tilt angle t. The tilt angle is used to 
identify the spatial orientation of the ellipse, and it is usually measured clockwise from 
the reference direction. This is demonstrated in Figure 17.23(a) where t is measured 
clockwise with respect to 49, for a wave traveling in the outward radial direction. 

Care must be exercised in the characterization of the polarization of a receiving 
antenna. If the tilt angle of an incident wave that is polarization matched to the receiving 
antenna is Tm, it is related to the tilt angle v, of a wave transmitted by the same 
antenna by 

T, = 180° — c, (17-27) 


if a single coordinate system and one direction of view are used to characterize the 
polarization. If the receiving antenna has a polarization that is different from that of 
the incident wave, the polarization loss factor (PLF) of Section 2.12.2 can be used to 
account for the polarization mismatch losses. 

The polarization of a wave and/or an antenna can best be displayed and visualized 
on the surface of a Poincaré sphere [59]. Each polarization occupies a unique point on 
the sphere, as shown in Figure 17.24. If one of the two points on the Poincaré sphere 
is used to define the polarization of the incident wave and the other the polarization 
of the receiving antenna, the angular separation can be used to determine the polar- 
ization losses. The procedure requires that the complex polarization ratios of each are 
determined, and they are used to compute the polarization efficiency in a number of 
different ways. The details of this procedure are well documented, and they can be 
found in [7], [8]. 

Practically it is very difficult to design radiators that maintain the same polarization 
state in all parts of their pattern. A complete description requires a number of mea- 
surements in all parts of the pattern. The number of measurements is determined by 
the required degree of polarization description. 
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Figure 17.24 Polarization representation on the Poincaré sphere. (source: W. H. Kummer and 
E. S. Gillespie, “Antenna Measurements — 1978," Proc. IEEE, Vol. 66, No. 4, pp. 483—507, 
April 1978. © (1978) IEEE) 
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There are a number of techniques that can be used to measure the polarization state 
of a radiator [7], [8], and they can be classified into three main categories: 


1. Those that yield partial polarization information. They do not yield a unique 
point on the Poincaré sphere. 


2. Those that yield complete polarization information but require a polarization 
standard for comparison. They are referred to as comparison methods. 


3. Those that yield complete polarization information and require no a priori polar- 
ization knowledge or no polarization standard. They are designated as abso- 
lute methods. 


The method selected depends on such factors as the type of antenna, the required 
accuracy, and the time and funds available. A complete description requires not only 
the polarization ellipse (axial ratio and tilt angle), but also its sense of rotation (CW 
or CCW, RH or LH). 

In this text, a method will be discussed which can be used to determine the polar- 
ization ellipse (axial ratio and tilt angle) of an antenna but not its sense of rotation. 
This technique is referred to as the polarization-pattern method. 'The sense of polariza- 
tion or rotation can be found by performing auxiliary measurements or by using other 
methods [7]. 

To perform the measurements, the antenna under test can be used either in the 
transmitting or in the receiving mode. Usually the transmitting mode is adopted. The 
method requires that a linearly polarized antenna, usually a dipole, be used to probe 
the polarization in the plane that contains the direction of the desired polarization. The 
arrangement is shown in Figure 17.25(a). The dipole is rotated in the plane of the 
polarization, which is taken to be normal to the direction of the incident field, and the 
output voltage of the probe is recorded. 

If the test antenna is linearly polarized, the output voltage response will be pro- 
portional to sin y (which is the far-zone field pattern of an infinitesimal dipole). The 
pattern forms a figure-eight, as shown in Figure 17.25(b), where y is the rotation 
angle of the probe relative to a reference direction. For an elliptically polarized test 
antenna, the nulls of the figure-eight are filled and a dumbbell polarization curve (usu- 
ally referred to as a polarization pattern) is generated, as shown in Figure 17.25(b). 
The dashed curve represents the polarization ellipse. 

The polarization ellipse is tangent to the polarization pattern, and it can be used to 
determine the axial ratio and the tilt angle of the test antenna. The polarization pattern 
will be a circle, as shown in Figure 17.25(b), if the test antenna is circularly polarized. 
Ideally, this process must be repeated at every point of the antenna pattern. Usually it 
is performed at a number of points that describe sufficiently well the polarization of 
the antenna at the major and the minor lobes. 

In some cases the polarization needs to be known over an entire plane. The 
axial ratio part of the polarization state can be measured using the arrangement of 
Figure 17.25(a) where the test probe antenna is used usually as a source while the 
polarization pattern of the test antenna is being recorded while the test antenna is 
rotated over the desired plane. This arrangement does not yield the tilt angle or sense 
of rotation of the polarization state. In order to obtain the desired polarization pattern, 
the rate of rotation of the linear probe antenna (usually a dipole) is much greater than 
the rotation rate of the positioner over which the test antenna is mounted and rotated 
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Figure 17.25 Polarization measuring system and typical patterns. 


to allow, ideally, the probe antenna to measure the polarization response of the test 
antenna at that direction before moving to another angle. When this is performed over 
an entire plane, a typical pattern recorded in decibels is shown in Figure 17.26 [60], 
and it is referred as the axial ratio pattern. It is apparent that the axial ratio pattern 
can be inscribed by inner and outer envelopes. At any given angle, the ratio of the 
outer and inner envelope responses represent the axial ratio. If the pattern is recorded 
in decibels, the axial ratio is the difference between the outer and inner envelopes (in 
dB); zero dB difference represents circular polarization (axial ratio of unity). Therefore 
the polarization pattern of Figure 17.26 indicates that the test antenna it represents is 
nearly circularly polarized (within 1 dB; axial ratio less than 1.122) at and near 6 = 0° 
and deviates from that almost monotonically at greater angles (typically by about 7 dB 
maximum; maximum axial ratio of about 2.24). 

The sense of rotation can be determined by performing auxiliary measurements. One 
method requires that the responses of two circularly polarized antennas, one responsive 
to CW and the other to CCW rotation, be compared [55]. The rotation sense of the 
test antenna corresponds to the sense of polarization of the antenna which produced 
the more intense response. 

Another method would be to use a dual-polarized probe antenna, such as a dual- 
polarized horn, and to record simultaneously the amplitude polarization pattern and 
the relative phase between the two orthogonal polarizations. This is referred to as 
the phase-amplitude method, and it can be accomplished using the instrumentation of 
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Figure 17.26 Pattern of a circularly polarized test antenna taken with a rotating, linearly 
polarized, source antenna. (source: E. S. Gillespie, “Measurement of Antenna Radiation Char- 
acteristics on Far-Field Ranges,” in Antenna Handbook (Y. T. Lo & S. W. Lee, eds.), 1988, © 


Van Nostrand Reinhold Co., Inc) 
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Figure 17.27 System configuration for measurements of polarization amplitude and phase. 
(source: W. H. Kummer and E. S. Gillespie, “Antenna Measurements — 1978,” Proc. IEEE, Vol. 


66, No. 4, pp. 483—507, April 1978. € (1978) IEEE) 


Figure 17.27. Double-conversion phase-locked receivers can be used to perform the 


amplitude and phase comparison measurements. 


Another absolute polarization method, which can be used to completely describe 
the polarization of a test antenna, is referred to as the three-antenna method [7], [8]. 
As its name implies, it requires three antennas, two of which must not be circularly 
polarized. There are a number of transfer methods [7], [8], but they require calibration 


standards for complete description of the polarization state. 
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17.10 SCALE MODEL MEASUREMENTS 


In many applications (such as with antennas on ships, aircraft, large spacecraft, etc.), 
the antenna and its supporting structure are so immense in weight and/or size that they 
cannot be moved or accommodated by the facilities of a measuring antenna range. In 
addition, a movement of the structure to an antenna range can eliminate or introduce 
environmental effects. To satisfy these system requirements, in situ measurements are 
usually executed. 

A technique that can be used to perform antenna measurements associated with 
large structures is geometrical scale modeling. Geometrical modeling is employed to 


1. physically accommodate, within small ranges or enclosures, measurements that 
can be related to large structures; 


2. provide experimental control over the measurements; 


3. minimize costs associated with large structures and corresponding experimental 
parametric studies. 


Geometrical scale modeling by a factor of n (n smaller or greater than unity) requires 
the scaling indicated in Table 17.1. The primed parameters represent the scaled model 
while the unprimed represent the full scale model. For a geometrical scale model, 
all the linear dimensions of the antenna and its associated structure are divided by n 
whereas the operating frequency and the conductivity of the antenna material and its 
structure are multiplied by n. In practice, the scaling factor n is usually chosen greater 
than unity. 

Ideal scale modeling for antenna measurements requires exact replicas, both physi- 
cally and electrically, of the full scale structures. In practice, however, this is closely 
approximated. The most difficult scaling is that of the conductivity. If the full scale 
model possesses excellent conductors, even better conductors will be required in the 
scaled models. At microwave and millimeter wave frequencies this can be accom- 
plished by utilizing clean polished surfaces, free of films and other residues. 

Geometrical scaling is often used for pattern measurements. However, it can also 
be employed to measure gain, directivity, radiation efficiency, input and mutual 
impedances, and so forth. For gain measurements, the inability to properly scale the 
conductivity can be overcome by measuring the directivity and the antenna efficiency 


TABLE 17.1 Geometrical Scale Model 


Scaled Parameters Unchanged Parameters 
Length: l' -I/n Permittivity: €’ = € 
Time: t =t/n Permeability: w — 
Wavelength: A’ — A/n Velocity: v =v 
Capacitance C’ = C/n Impedance: ZSZ 


Inductance: L' = L/n Antenna gain: Go = Go 
Echo area: A, = A,/n? 

Frequency: f' =nf 

Conductivity: o’ = no 
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and multiplying the two to determine the gain. Scalings that permit additional parameter 
changes are available [61]. The changes must satisfy the theorem of similitude. 
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sin(x) 


Jon 


x sin(x)/x x sin(x)/x x sin(x)/x 
0.0 1.00000 2.8 0.11964 5.6 —0.11273 
0.1 0.99833 2.9 0.08250 5.7 —0.09661 
0.2 0.99335 3.0 0.04704 5.8 —0.08010 
0.3 0.98507 3.1 0.01341 5.9 —0.06337 
0.4 0.97355 3.2 —0.01824 6.0 —0.04657 
0.5 0.95885 3.3 —0.04780 6.1 —0.02986 
0.6 0.94107 3.4 —0.07516 6.2 —0.01340 
0.7 0.92031 3.5 —0.10022 6.3 0.00267 
0.8 0.89670 3.6 —0.12292 6.4 0.01821 
0.9 0.87036 3.7 —0.14320 6.5 0.03309 
1.0 0.84147 3.8 —0.16101 6.6 0.04720 
1.1 0.81019 3.9 —0.17635 6.7 0.06042 
1.2 0.77670 4.0 —0.18920 6.8 0.07266 
1.3 0.74120 4.1 —0.19958 6.9 0.08383 
1.4 0.70389 4.2 —0.20752 7.0 0.09385 
1.5 0.66500 4.3 —0.21306 7.1 0.10267 
1.6 0.62473 4.4 —0.21627 7.2 0.11023 
1.7 0.58333 4.5 —0.21723 7.3 0.11650 
1.8 0.54103 4.6 —0.21602 7.4 0.12145 
1.9 0.49805 4.7 —0.21275 7.5 0.12507 
2.0 0.45465 4.8 —0.20753 7.6 0.12736 
2.1 0.41105 4.9 —0.20050 7.1 0.12833 
22 0.36750 5.0 —0.19179 7.8 0.12802 
2.3 0.32422 5.1 —0.18153 7.9 0.12645 
2.4 0.28144 5.2 —0.16990 8.0 0.12367 
2.5 0.23939 5.3 —0.15703 8.1 0.11974 
2.6 0.19827 5.4 —0.14310 8.2 0.11472 


2.7 0.15829 5.5 —0.12828 8.3 0.10870 


(continued overleaf ) 
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sin(x)/x x sin(x)/x x sin(x)/x 
0.10174 10.7 —0.08941 13.0 0.03232 
0.09394 10.8 —0.09083 13.1 0.03883 
0.08540 10.9 —0.09132 13.2 0.04485 
0.07620 11.0 —0.09091 13.3 0.05034 
0.06647 11.1 —0.08960 13.4 0.05525 
0.05629 11.2 —0.08743 13.5 0.05954 
0.04579 11.3 —0.08443 13.6 0.06317 
0.03507 11.4 —0.08064 13.7 0.06613 
0.02423 11.5 —0.07613 13.8 0.06838 
0.01338 11.6 —0.07093 13.9 0.06993 
0.00264 11.7 —0.06513 14.0 0.07076 

— 0.00791 11.8 —0.05877 14.1 0.07087 

—0.01816 11.9 —0.05194 14.2 0.07028 

— 0.02802 12.0 —0.04471 14.3 0.06901 

—0.03740 12.1 —0.03716 14.4 0.06706 

— 0.04622 12.2 —0.02936 14.5 0.06448 

—0.05440 12.3 —0.02140 14.6 0.06129 
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Figure L1 Plot of sin(x)/x function. 
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Finite-Difference Time-Domain (FDTD) analysis 
Finite dipole geometry 
Finite feed gap 
Finite length dipole 
Finite straight wire, charge distribution of 
First-Null Beamwidth (FNBW) 
Flaring 
Focal point 
Folded dipole antenna 
See also T-match 
Folded dipole technique, Yagi-Uda antenna 
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*Forced surface wave," 
Formulas 
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Multimedia resources 
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Fourier series 
Fourier transforms 
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Fourier transforms (Cont.) 
in asymptotic evaluation of radiated fields 
dielectric-covered apertures 
radiated fields and 
spectral domain 702 

Fractal antennas 641 
space-filling properties 

Fractal dipole geometries 

Fractal electrodynamics 

Fractal geometries 

Fractal loop 

Fractional bandwidth, microstrip antennas 
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Free-space ranges 
gain measurements and 
Frequency bandwidth, Yagi-Uda array 
Frequency Division Multiple Access (FDMA) 
Frequency domain techniques 
Frequency independent antennas 
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theory of 
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Frequency Modulation (FM) radio 
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Frequency spectrums 
Fresnel integrals 
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Hansen-Woodyard end-fire arrays 


directivity of 


nulls, maxima, half-power points, and minor 


lobe maxima for 
Hansen-Woodyard end-fire radiation 
Height gain 
Helical antenna 
See also 
Helix antenna 
axial (end-fire) mode for 
design procedure 
feed design 
modes of 
Helix antenna 
See also Helical antenna 
Helix program 
Helmholtz equation 
Hemispherical antenna 
Hertz potentials 


H-fields 


See also Magnetic fields 
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High-frequency asymptotic techniques 
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ground effects 
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conical horn 
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phase center and 799 
pyramidal horn 769 
Horn-design equation 781 


Horns. See also Horn antennas directivity formulas 
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Impedance measurements 
Impedance program 
Impedance step-up 

Incident electric field 

Incident parallel rays, focusing 


Incremental switched-line PIN-diode phase shifter 
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Index of smoothness 


Indoor antenna ranges 1003 


Induced current density, parabolic reflector 
Induced emf method 

Induced power 

Induced voltage, along linear dipole 
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Inhomogeneous vector potential wave equation 
Initiator geometry 


In-phase current distribution 


Input impedance 
See also 
Impedance 


biconical antenna 
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circular-loop antenna 
cylindrical dipole antenna 
electrically small antenna 
folded dipole antenna 
gamma match 

helical antenna 
horizontal electric dipole 
linear dipole 


log-periodic antenna 
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microstrip antenna 


mobile hand-held unit 


spiral slot antenna 

Yagi-Uda antenna 

Yagi-Uda array 
Input reactance 


Input reflection coefficient, variations of 
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Instantaneous electric-field intensity 
Instantaneous magnetic-field intensity 
Institute of Radio Engineers (IRE) 
Instrumentation, measuring 
Integral computer subroutines 
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Integral equations 
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Intensity. See Radiation intensity 
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Isotropic radiator 
Iterative Least Squares Projection Based Constant 


Modulus Algorithm (ILSP-CMA) 


Java-based applets 
Java-based interactive questionnaire 
See also 
Multimedia resources 
Journal of I.E.E. of Japan 
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Koch fractal loop 


Kraus' formula 
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Large loop approximation 
Law of reflection 
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near or on infinite perfect conductors 
Yagi-Uda array of 
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computer codes 
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Woodward-Lawson method with 
Line-source phase distributions 
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dipole array 
planar and wire surfaces 


21-element 


Log-Periodic Dipole Array (log perd) program 
Log-periodic dipole arrays 
design of 
experimental models of 
feed arrangement of 
Logarithmic identities 
Longitudinal section electric (LSE) mode 
Long wire antenna 
input impedance 
polarization 
Long wires, resonant 
Loop antennas 
circular loop of constant current 
circular loop with nonuniform current 
ferrite loop 
ground and earth curvature effects for circular 
loops 
mobile communication systems applications 
multimedia resources 
parameters and formulas associated with 
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small circular loop 
Loop Yagi-Uda array 
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Loss resistance 
small loop 


Love's equivalence principle 
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Low-frequency asymptotic method 
See also Moment Method (MM) 


Low-noise applications 
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See also Microstrip 
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Magnetic current density 
Magnetic current sources 
dual equations for 
electric and magnetic fields for 
vector potential for 


Magnetic dipole fields, parabolic reflector 
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Magnetic Field Integral Equation (MFIE) 
Magnetic fields. See also H-fields 
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for electric and magnetic current sources 
Magnetic-frill generator 


Magnetic-frill model 
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rectangular array 
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Matching techniques 
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Matching techniques (Cont.) 
quarter-wavelength transformer 
stub-matching 
T-match 
Yagi-Uda array 

Materials method 


MATLAB programs 


See also Multimedia resources 
Maxima, long wire antenna 
Maximum absolute gain 
Maximum coupling 


Maximum directivity 


See also Directivity 
arithmetic mean of 
half-wavelength dipole 

Maximum effective aperture 
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Maximum effective area 


Maximum phase error 


Maximum power transfer 


Maximum radiation 


E-plane sectoral horn 


Hansen-Woodyard end-fire array 
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Maxwell’s equations 


Medium Access Control (MAC) protocol 
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Metal strip log-periodic configuration 
Metamaterials 


Method of Moments (MoM) code 


NAN 


See also 
Integral Equation Method of Moments; 
Moment Method (MM) 

Method of stationary phase 


Microcells 
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Microstrip antennas 
arrays and feed networks 
characteristics of 
circular patch 
circular polarization 
coupling 
design of 
disadvantages of 
feeding methods 
input impedance 
methods of analysis 
multimedia resources 
parameters and formulas associated with 
quality factor, bandwidth, and efficiency 
rectangular patch 
Microstrip designs 
Microstrip patch 
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Microstrip program 
Miniaturization. See Electrically small antennas; 


Small entries 
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Minimum Mean Square Error (MMSE) criterion 
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Minkowski island fractal 
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Dolph-Tschebyscheff array 
Taylor (One-Parameter) design 

mnp mode 

Mobile Ad hoc NETworks (MANETs) 
employment of smart-antenna systems 
protocol used for 

Mobile communication systems 
antennas for 
loop antennas for 

Modal expansion principle 
for planar systems 


Moment Method (MM) 


See also Integral Equation Method of 


Moments; Method of Moments (MoM) code 


full-wave 
Moment Method/NEC data 
Moment Method program 
Monopole configurations 
examples of 
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MSE cost function 
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broadband dipoles 

frequency independent antennas 

horn antennas 

linear wire antenna 

loop antennas 

microstrip antennas 

reflector antennas 

smart antennas 

traveling wave and broadband antennas 
Multimode horns 
Multipath condition 
Multipath signals 
Multiple access techniques 
Multiple section quarter-wavelength transformer 
MUltiple SIgnal Classification (MUSIC) algorithm 
Multitumloops 
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Narrowband 


National computer codes 
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Natural resistance 


Near-field/far-field (NF/FF) techniques 
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Near-field measurements, determining far-zone 
field from 
Near-field phase pattern measuring system 
Near-field (Fresnel) region 
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radiating 
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N-element circular array 

N-element linear arrays 
broadside array 
directivity of 
end-fire array 
Hansen-Woodyard end-fire array 
phased (scanning) array 
three-dimensional characteristics of 
uniform amplitude and spacing 


uniform spacing and nonuniform amplitude 
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Network throughput 978 981 987 
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Throughput 
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90? bent wire configuration 
90? corner reflector 


Node 
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Nonspherical reflecting surfaces 
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Nonuniform amplitude arrays 
Nonuniform-current circular loop 
design procedure for 
Nonuniform phase fronts 
Normalized directional impedance 


Normalized driving impedance 
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Normalized field/power patterns 
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Normal (broadside) mode 


Nulls 


of an array 


long wire antenna 
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Numerical Electromagnetics Code (NEC) program 


Numerical techniques 
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Offset-parabolic reflector 

Ohmic resistance, circular-loop antenna 
Omega match 

Omnidirectional patterns 
Omnidirectional systems 
Open-ended wire antennas 
OPNET™ Modeler/Radio? tool 
Optics, Babinet's principle in 
Optimal beamforming techniques 
Optimization, Yagi-Uda array 
Optimum design 

Optimum focal length 
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Parabolic cylinders 
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Parabolic reflector 
See also 
Paraboloidal reflectors; Reflector antennas; 
Reflectors 
aperture distribution method 
cross-polarization 
current distribution method 
directivity and aperture efficiency 
feed design 
forms of 
front-fed 
induced current density 
phase errors 
surface geometry 
Parabolic right cylinder 


Paraboloidal reflectors 
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Parabolic reflector 
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Parallel plate waveguide 


Parallel polarization, reflection coefficient for 
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Parameters 
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Antenna parameters 
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Partial effective area 
Partial gain 

Pascal’s triangle 

Passive driving impedance 
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See also Microstrip antennas 
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See also Radiation 
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Pattern measurements 

Pattern multiplication 
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Perfect electric conductor (PEC) 
Periodic field strength 
Permittivity values 
Perturbational technique 


Phase-amplitude method 042 
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locating 
Phase center nomographs 
Phased (scanning) array 
Phase distribution, control of 
Phase efficiency 
Phase errors 
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Physical Optics (PO) 
Physical-optics approximation 
Piecewise constant subdomain functions 
Piecewise linear functions 
Piecewise linear subdomain functions 
Piecewise sinusoidal subdomain functions 
Piecewise sinusoids-Galerkin method 
PIN-diode phase shifter, incremental switched-line 
Pitch angle 
Planar array design, rectangular patch 
Planar arrays 
array factor of 
beamwidth of 
directivity of 
4x 4versus 8 x 8 
Planar array theory, principles of 
Planar inverted F antenna (PIFA) 
Planar log-periodic structure 
Planar near-field data 
Planar program 
Planar spiral antenna 
Planar systems, modal-expansion method for 
Plane wave spectrum 
Plexiglas booms 
Pocklington’s Integral Equation 
Poincaré sphere 
Point-matching method 
Point-source array 
Poisson’s equation 
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Polarization 
See also Circular polarization 
elliptical 
helical antenna 
long-wire antenna 
of a radiated wave 
source antenna 


spiral slot antennas 
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Polar plots 
Polygonal loop antennas 
Potential functions 
Power density 
constant-current circular loop 
half-wavelength dipole 
small loop 
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Power pattern 
Power Point (PPT) viewgraphs 

See also 

Multimedia resources 
Poynting vector 
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Poynting vector method 
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Printed-circuit technology 
Probe compensation technique 
Proceedings of IRE 
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Propagation factor 
Protocol 
MANET 
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“Pulse” functions 
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Pyramidal Horn-Design program 
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“Quad” antenna 
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Quadrature Phase Shift Keying (QPSK) 


Quality factors, microstrip antennas 
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electrically small antennas 
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Radar cross section(RCS) 
methods of predicting 
Radar IEEE band designations 
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Radar Range Equation 
Radial waveguide 
Radian 
Radian distance 
Radian sphere 
Radiated fields 
asymptotic evaluation of 
biconical antenna 
constant-current circular loop 
E-plane sectoral horn 
H-plane sectoral horn 
loop antenna 
pyramidal horn 
rectangular aperture 
Radiated power 
circular patch antenna 
horizontal electric dipole 
vertical electric dipole 
Radiated wave, polarization of 
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Radiation characteristics 
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Radiation characteristics (Cont.) 
loop antennas 
parabolic reflector 
rhombic antenna 
two-element loop array 


Radiation efficiency 
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measurements of 
of small circular loops 
small loop 
Radiation energy, optimizing 
Radiation equations 
Radiation fields 
circular aperture 
rectangular apertures 
Radiation intensity 
broadside array 
constant-current circular loop 
dipole 
end-fire array 
half-wavelength dipole 
Hansen-Woodyard end-fire array 


horizontal electric dipole 
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paraboloidal reflector 
small loop 


vertical electric dipole 


mg 


Radiation intensity patterns, three-dimensional 
Radiation mechanism, aperture-matched horns 
Radiation pattern lobes 

Radiation patterns 


cylindrical dipole antennas 
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electromagnetic horns 
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Radiation patterns (Cont.) 
measuring 
polygonal loop antennas 
reciprocity for 
Radiation power density 
See also Power 
density 
Radiation problems, computer 
animation-visualization of 
Radiation resistance 
biconical antenna 
computing 
constant-current circular loop 
dipole 
ferrite loop 
half-wavelength dipole 
horizontal electric dipole 
long wire antenna 
loop antenna 
small loop 
vertical electric dipole 
Radiators, polarization state of 
Radio frequency spectrums 
Radio systems, cellular 
Random error efficiency 
Random fractals 
Range maps 
Rayleigh fading 
Ray tracing 
RCS control methods 
Reaction 


Reactive near-field region 
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Reactive power density 
Receiving antenna, polarization of 
Receiving field pattern 
Receiving loop, ferrite-loaded 
Receiving mode 
coupling in 
Reciprocal network 
Reciprocity 
for antenna radiation patterns 
theorems 


for two antennas 
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Recording equipment 
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Rectangular anechoic chambers 
Rectangular apertures 
design considerations for 
on an infinite electric ground plane 
TE o-mode distribution on an infinite ground 
plane 
uniform distribution in space 
Rectangular array 
Rectangular coordinates 
Rectangular loop antennas 
Rectangular microstrip antennas 
Rectangular patch antenna 


Rectangular patch arrangements 


Rectangular pyramidal hom 
Rectangular-to-cylindrical transformations 
Rectangular-to-polar graphical solution 
Rectangular-to-spherical transformations 


Reference aperture voltage 
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Reference terminals 
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Reflection 
from flat and spherical surfaces 
law of 


Reflection coefficient 
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magnitude of 
variations of 
Reflection point, determination of 


Reflection ranges 


Reflector antennas 
corner reflector 
multimedia resources 
parabolic reflector 
plane reflector 
software package for 
spherical reflector 

Reflector edge treatments 009 

Reflector efficiencies, maximum 

Reflector program 


Reflectors. See also Reflector antennas feed for 


Yagi-Uda antenna 
Reflector systems, geometrical configuration for 
Region separation 
Relative gain 


Repulsive mechanism 
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Request-To-Send (RTS) signal 


Reradiated power 
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Residuals 

Resistive sheet problem 

Resolution capability 

Resonance, cylindrical dipole antennas 
Resonance forms 


Resonant antenna 
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Resonant frequencies, microstrip antennas 

Resonant input resistance 
circular patch antenna 
microstrip antennas 

Resonant wire antennas 

Retractable/telescopic monopole 

Return loss 

RF absorbers 

Rhombic antenna 

Rhombic loop antennas 

Right-hand polarization 


Root-matching method 
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Root-MUSIC algorithm 
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Rotational mounts 
Rough surface statistics 
Rumsey’s equation 


RXTRN training packet 
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Safety factor 
Scalar horn 


Scalar potential 
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Scale modeling 


Scale model measurements 
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Scaling factor, Taylor design 


E 


Scalloping 
Scan angle 
array impedance and 
versus normalized element impedance 
Scan angular volume 
Scan blindness 866 867 


Scanning, principle of 
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Scanning arrays 
Scanning surfaces, near-field to far-field methods 
Scattered (reradiated) power 
Scattered electric field 
Scattered fields 

Scattered power density 
Scattering 


Scattering area 
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Schelkunoff polynomial method 
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Sectoral array 


Sectoral pattern 
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Sectoring 
Self And Mutual Impedances program 
Self-impedance 


Self-reactance 


Self-resistance 


Sense of rotation 
Sensitivity factor 
Series-feed network 

Series type resonance 
Shadowing 

Shannon sampling theorem 
Shaped reflectors 

Shaping method 
Short-circuited stub 


Short dipole, impedances of 
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Side-by-side configuration 
Side lobe level 
circular aperture 
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rectangular apertures 
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Side lobe reduction 
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Sidelobes 
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Hansen-Woodyard end-fire array 
relation to amplitude distribution 


Taylor (One-Parameter) design 
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triangular, cosine, and cosine-squared 
distributions 
Sierpinski gasket 
Signal fading 
See also Fading entries 
Signal propagation, smart antennas 


Signals-not-of-interest (SNOIs) 
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Signals-of-interest (SOIs) 
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Signal-to-interference ratio (SIR) 
Signal-to-noise ratio (SNR) 

Sine integrals 

Single hop connectivity 

Single parabolic-cylinder reflector system 
Single paraboloidal reflector CATR design 
Single-Plane Collimating Range (SPCR) 
Single section quarter-wavelength transformer 
Single-slot directivity, microstrip antennas 
Single wire radiation mechanism 


Sinusoidal current distribution 
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Slant ranges 

Slaw wave 

Slightly rough surface 

Slot antennas 
linearly polarized, flush-mounted, log-periodic 
spiral 


Small antennas. See Electrically small antennas 
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Small circular loop antenna 
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Small dipole 
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current distribution of 

Small loop 
design procedure for 
infinitesimal magnetic dipole and 
maximum effective aperture of 
power density and radiation resistance of 
radiation efficiency of 

Small loop approximation 


Smart antennas 
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See also Smart 
antenna systems 


antenna beamforming 
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antenna elements 
beamforming, diversity combining, 
Rayleigh-fading, and trellis-coded 
modulation 
benefits and drawbacks of 
cellular radio systems evolution 
geometries 
MANETs 
multimedia resources 
signal propagation 
system design and simulation 
Smart-antenna systems 
capacity of 
Smart program 


Smith chart 
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Snell's law of reflection 
Snell's law of refraction bo7 


Soft/hard surfaces 
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Solid angle 
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Source antennas 
Source modeling 
Source node (SRC) 
Space-attenuation 


Space Division Multiple Access (SDMA) 


Space factor 


circular aperture 
line-source distribution 


rectangular distribution 
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Taylor (One-Parameter) design 
triangular, cosine, and cosine-squared 
distributions 
two-dimensional distribution 
Spatial Division Multiple Access (SDMA) 
Spatial processing 


Spectral techniques 
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Spherical aberration 
Spherical coordinates 


Spherical phase term 
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Spherical reflector 

Spherical surface near-field measurements 
Spherical-to-cylindrical transformations 
Spherical-to-rectangular transformations 
Spherical vector waves (modes) 


Spillover efficiency 
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Spiral slot antennas 
Spiral wire antennas 
Square aperture 


Square loop antennas 
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Square patch 


Standard gain horn 
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Standing wave antennas 
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Standing waves 
Stationary phase method 
Stationary points 
Steradian 

Structural scattering term 
Stub-matching 


Subdomain functions 
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Subroutines 

of Directivity program 

integral computer 
Subspace DOA estimation methods 
Superdirective arrays 
Superdirectivity 


Super gain 
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Surface geometry, paraboloidal reflector 
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Surface reactance, corrugated surface 
Surface roughness effects 

Surface wave antenna 
Swept-frequency instrumentation 
Switched-beam systems 


Switched-line phase shifter 
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Symmetrical loading 
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Symmetrical planar folded dipoles 


Synthesis 


See also Antenna synthesis 
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Synthesis program 


System noise power 
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System noise temperature 
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Tai & Pereira formula 
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Tapered anechoic chambers 00 
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Tapered antenna 
Taper efficiency 
Taylor design, procedure for 
Taylor Line-Source (One-Parameter) design 
Taylor Line-Source (Tschebyscheff-Error) design 
TE,o-mode distribution, on an infinite ground 
plane 

TE,,;-mode distribution 

on an infinite ground plane 
Tee program 
Te_horn program 
Television frequency spectrums 
TE mode, parabolic reflector 
Temperature, antenna 
Terminal voltage 
Terminated V antennas 
Terminating impedance 

See also Aperture 

admittance 

Termination, long wire antenna 
Termination (load) impedance 
Termination resistance, long wire antenna 
Test antenna 
Testing functions 
Theorem of similitude 
Thevenin equivalent circuit 
Thick dipoles 
Thin dipoles 

amplitude patterns for 
Thin wire antenna, current distribution on 
Three-antenna absolute polarization method 


Three-antenna gain measurement technique 


= 
© 
X 


oS El 
N 


[9] 
HEIE 
(op) 


= 
oO 
© 
E 


[zy 
= o| r5 
[sli Sat 
a” Qo QO ds 


= 
Oo 
AR 


[mmy 
oO 
UW 


= E 
(co) [e] (oe) NI O L. (de) S 
REEAEHA HAAHR E 
le»! N g o v v eo (oe) 
A 
wn 


E 
i SS 


[E | 


a 


This page has been reformatted by Knovel to provide easier navigation. 


Index Terms 


Three-dimensional amplitude patterns 


Three-dimensional array factor 


Three-dimensional field pattern, rectangular 


aperture 
Three-dimensional programs 
3-D Spherical program 
Throughput 
Time-average power density 
long wire antenna 
Time delays 
Time DivisionMultiple Access (TDMA) 
Time-phase quadrature 
T-match 
TM mode, parabolic reflector 
Tolerance errors 
Top-hat-loaded antennas 
Total directivity 
Total electric field 
Total phase error 
Total radiated power 
long wire antenna 
Total tangential electric field 
Training packets 
Transformers 
Transmission-line analysis method 
Transmission-line current 
Transmission-line method 
Transmission-line mode 
rectangular patch 


Transmission-line model 


Transmission lines, log-periodic dipole array 
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Transmission region, log-periodic antenna 
structure 
Transmitting field pattern 
Transmitting mode 
coupling in 
Transverse ElectroMagnetic (TEM) field 


Transverse ElectroMagnetic (TEM) mode 
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Transverse ElectroMagnetic (TEM) wave 
Traveling wave antennas 

long wire antenna 

multimedia resources for 

rhombic antenna 

V antenna 
Trellis-coded modulation(TCM) 
“Triangle” functions 


Triangular amplitude distribution 


Triangular array configuration antenna 
Triangular loop antennas 

Triangular sheet antenna 
Trigonometric identities 

Triple-stub configuration 


Truncated antennas 
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Truncated cosine subdomain functions 
Truncated log-periodic configuration 


Trunking efficiency 
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Tschebyscheff arrays 
See also 


Dolph-Tschebyscheff arrays 
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directivities of 
Tschebyscheff design quarter-wavelength 


transformer 
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Tschebyscheff-error 
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Tschebyscheff polynomials 


“Twin-lead” transmission line 
Two-antenna gain measurement technique 
Two-antenna system, reciprocity for 


Two-dimensional Fourier transforms 
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Two-dimensional patterns 
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2-D Polar program 
2-D Unitary ESPRIT technique 
Two-element array 

designing 

DOA of 

with mutual coupling 


Two-element folded dipole 
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Two-element loop array, radiation characteristics 
of 

Two-port network 

Two-reflector system 

Two-slot directivity, microstrip antennas 


Two-wire radiation mechanism 


FEEERAE 


TXTRN training packet 
U 


ltra High Frequency (UHF) channels 


nbounded space 


U 

U 

Unidirectional V antennas 
Uniform amplitude array 
U 


niform arrays 


array factor for 


= 


niform circular array (UCA) 


eae estes Fale 


Cc 


niform current distribution 
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Uniform distribution 


on an infinite ground plane 
in space 

niform linear arrays 

niform linear scanning array 


niform planar circular array (UPCA) 


nipoles 


niqueness theorem 


U 
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Uniform rectangular arrays (URAs) 
U 
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nit vectors 
parabolic reflector 
paraboloidal reflector 


Universal curves 
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H-plane sectoral horn 
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V antenna 
Varactor diodes 
Vector analysis 
Vector diagram 
Vector differential operators 
Vector effective length 
for infinitesimal dipole 
Vector identities 
Vector potentials 
constant-current circular loop 


for an electric current source 
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for a magnetic current source 
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Vector potential wave equation, inhomogeneous 
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Vector transformations 


Vector wavenumber 704 
Vertex 893 
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Vertical electric dipole 
ground effects 
Vertically polarized omnidirectional antennas 
Vertical monopole antenna 
Very High Frequency (VHF) channels 
Very rough surface 
Virtual feeds 
“Virtual vertex” compact range 
Visible region 
Voltage standing wave ratio (VSWR) 
antenna input impedance and 
aperture-matched horns 
corrugated horn 
helical antenna 


log-periodic dipole array 
WwW 


Wave antenna 
See also Traveling wave antennas 
Wave equation, inhomogeneous vector potential 
Waveguides 
Wavenumber spectrum 
Wave polarization 
Weighted residuals method 
Weighting (testing) functions 
choice of 
Wheeler method 
Wide band 
Wiener filters 
Wiener-Hopf equation 


Wiener solution 
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Wire antennas 


See also Linear wire antennas 
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current distribution of 
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log-periodic 
radiation characteristics of 
spiral 

Wire-grid corner reflectors 


Wireless Local Area Network (WLAN) 
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Wire loop antenna, current distribution of 
Wire-simulated cone surface 


Wire simulation antennas 


HER 


Woodward-Lawson method 
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X-axis, N-elements along 
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X-band horn 
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Yagi-Uda antenna 


design procedure 
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Yagi-Uda array 
far-field pattern of 
input impedance and matching techniques 
of linear elements 
of loops 
optimizing 
Yagi-Uda dipole TV array 
Yagi Uda program 
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Y-axis, N-elements along 
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Z-axis, N-elements along 
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